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Abstract
A representative collection of minerals &om two niobium deposits found within the Oka 
carbonatite complex: the Bond Zone deposit; and the NIOC AN deposit, were analysed using an 
electron microprobe, and compared with existing data from the St. Lawrence Columbium 
deposit. These minerals are good indicators of the petrological evolution of alkaline rocks, and 
can be used to re-evaluate the par^enesis of niobium mineralization, and the relationships 
between Nb-bearing minerals. In addition, this study has revealed the presence of zirconolite as 
an accessory mineral in calciocarbonatite.
At Oka, pyrochlore typically occurs as euhedral- to -subhedral crystals, rarely as 
aggregates and clusters. Back-scattered images, coupled with microprobe analyses, reveal 
complex compositional zoning in pyrochlore, which undoubtedly reflects changes in the fluid 
composition during the growth of the mineral. Large compositional variations were observed for 
the m^or oxides of the pyrochlores: CaO (ranging f-om 4.1-34.8 wL % oxide), TiOg (2.3-40.4 
wt. %), NbzO; (20.1-58.1 wt. %), ThOg (0.3-18.2 wt. %), andUOz (0.1-28.0 wt. %). 
Ceriopyrochlore, cerium pyrochlore, and uranpyrochlore exhibit the greatest .4-site vacancies, 
ranging &om 8.1-62.5 %. Of the REEs, only Ce is present at high concentration levels (ranging 
&om 2.1-15.8 wt. %). Of note is the significant content of ZrO], which ranges f"om 0.9-16.3 wt. 
%. An .4-site substitution in the pyrochlore-group minerals has been identified between 
(REE+U+Th) and (Na+Ca), as well as a 5-site substitution between (Nb+Ti) and Zr.
Latrappite and Nb-rich members of the perovskite-group are found occurring as euhedral- 
to -subhedral crystals. Both oscillatory and patchy zonation in the Oka perovskites has been 
identified using back-scattered imaging. Small compositional variations are observed in the 
mtyor oxides of both the latrappite- and -perovsldte end-members. Oka perovskites are slightly 
enriched in the LREE's, Ce being the dominant LREE (averaging 3.5 wt. % oxide).
Zirconolite is commonly found as lath-shaped discrete crystals or intergrown with 
perovskite and pyrochlore-group minerals. Oka zirconolites have a large range ofNbgO), 
ranging fiom 11.5-25.8 wt. %. Compositional zoning has been identified using back-scattered 
imaging, correlating with an increase in LREE toward the rim of the crystals. The zirconolite 
compositions are similar to other calciocaibonatite-hosted zirconolites, with the exception of 
their higher Nb contents.
The crystallization history of the NIOC AN and Bond Zone deposits cannot be deduced 
fi"om the observed mineral assemblage. The calciocarbonatite does not represent a liquid 
composition, as it has a bulk composition \\dnch is determined by mixing material derived from 
several batches of magma. The magmas with gave rise to the NIOC AN and Bond Zone seem 
more evolved than those forming the pyrochlore-group minerals in the St. Lawrence Columbium 
deposits, as the pyrochlores from St. lawrence Columbium are "less-evolved" in relation to the 
NIOC AN and Bond Zone pyrochlores. The major conclusion of this work is that the 
calciocarbonatites at NIOC AN and Bond Zone are hybrid rocks. Enrichment of specific 
mineralized zones is probably dependent upon rheological 6ctors rather than compositional 
controls.
IV
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
Table of contents
1. INTRODUCTION
1.1. Statement of nature of the work 1
1.2. General geology 1
1.3. Analytical methods 5
1.4. Introduction to the mineralogy of the complex 6
2. MINERALOGY AND COMPOSITION OF PYROCHLORE-GROUP MINERALS
2.1. Pyrochlore
2.1.1. Introduction 9
2.2. Oka pyrochlore: NIOC AN and Bond Zone deposit 9
2.2.1. Uranoan Pyrochlore 23
2.2.2. Uranpyrochlore 28
2.2.3. Cerium Pyrochlore 31
2.2.4. Ceriopyrochlore 32
2.2.5. Thorium Pyrochlore 32
2.2.6. Thorpyrochlore 33
2.3. Pyrochlore fiom the St. Lawrence Columbium deposit. Oka, Quebec 35
2.4. Pyrochlore-group minerals fiom other carbonatite localities and alkaline complexes
worldwide 42
2.4.1. Dolomitic carbonatite hosts
(a) Newania carbonatite, Rajasthan 45
(b) Lesnaya Varaka complex. Kola Peninsula, Russia 54
(c) Kovdor carbonatite complex. Kola Peninsula, Russia 55
2.4.2. Magnesiocarbonatite hosts
(a) Blue River carbonatite complex, British Columbia, Canada 56
2.4.3. Laterite carbonatite hosts
(a) Mount Weld carbonatite laterite. Western Australia 58
2.4.4. Calciocarbonatite hosts
(a) Prairie Lake carbonatite complex, Northwestern Ontario, Canada 60
(b) Bingo carbonatite complex, Zaire 63
(c) Qaqarssuk carbonatite complex. West Greenland 66
(d) Fen carbonatite complex, Norway 68
(e) Lueshe carbonatite complex. Democratic Republic of Congo 69
(f) Sokh carbonatite complex. Northern Finland 71
2.5. Discussion 72
V
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
3. MINERALOGY AND COMPOSITION OF PEROVSKITE-GROUP MINERALS
3.1. Perovskite
3.1.1. Introduction 76
3.1.2. Nomenclature of perovskite-group minerals 76
3.1.3. Paragenesis of perovskite 78
3.1.4. Perovskite in alkaline rocks 79
3.2. Previous work on Perovskites fiom the Oka carbonatite complex 79
3.3. Oka Perovskite: NIOC AN and Bond Zone deposit 80
3.4. Discussion 89
4. MINERALOGY AND COMPOSITION OF ZIRCONOLITE
4.1. Zirconolite
4.1.1. Introduction 94
4.1.2. Nomenclature of Zirconolite-group minerals 94
4.1.3. Pétrographie features and compositional characteristics of Zirconolite 95
4.1.4. Paragenesis of Zirconolite 100
4.1.5. Zirconolite occurrences 100
4.1.6. Carbonatite host rocks 103
4.2. NIOC AN and Bond Zone Zirconolite minerals 103
4.3. Zirconolites from other carbonatite localities worldwide 112
4.3.1. Kovdor carbonatite complex. Kola Peninsula, Russia 112
4.3.2. Schyburt Lake, Ontario, Canada 114
4.3.3. Phalaborwa carbonatite complex. South A&ica 115
4.3.4. Sokli carbonatite complex, Finland 115
4.3.5. Kaiserstuhl carbonatite complex, Germany 115
4.4. Discussion 116
5. MINERALOGY AND COMPOSITION OF NIOCALITE
5.1. Niocalite
5.1.1. Introduction 118
5.2. NIOC AN and Bond Zone Niocalite minerals 119





R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
APPENDICIES I Drill locations of the Oka carbonatite complex





m  Drill core logs from the Oka carbonatite complex
IV Representative compositions of pyrochlore-group minerals fiom 
carbonatites and alkaline complexes worldwide
V Scanning electron microprobe analyses for Pyrochlore-group 
minerals fiom the St. Lawrence Columbium deposit. Oka, Quebec
VI Representative compositions of zirconolite minerals from 
carbonatite complexes worldwide
VII
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
Table of Figures
Figure 1.1. Geologic map of the Oka carbonatite complex 3
Figure 2.1. BSE images: Pyrochlore-group minerals 12
Figure 2.2. (Na+Ca) vs. (REE) for NIOC AN and Bond Zone pyrochlore-group
minerals 17
Figure 2 J .  . Ternary compositional diagram (Nb-Ti-Ta) for NIOC AN and Bond
Zone pyrochlore-group minerals 18
Figure 2.4. Ternary compositional diagram (Na+Ca)-(U+Th)-(j4-vac) for NIOC AN
and Bond Zone pyrochlore-group minerals 19
Figure 2.5. Planar vector representation of substitutions involving calciocarbonatite
pyrochlore-group minerals 20
Figure 2.6. Ternary compositional diagram (Ti-REE^^-Na) for NIOC AN and Bond
Zone pyrochlore-group minerals 21
Figure 2.7. Ternary compositional diagram (v4^^4-vacancy)-(v4^ from NIOC AN
and Bond Zone pyrochlore-group minerals 24
Figure 2.8. Ternary compositional diagram (all v4-site cadons)-(Ca+Na)-(/f-vacancy)
for NIOC AN and Bond Zone pyrochlore-group minerals 25
Figure 2.9. Ternary compositional diagram (Ca)-(Na)-(v4-site vacancy) for
NIOC AN and Bond Zone pyrochlore-group minerals 26
Figure 2.10. Distribution of elements fiom the rim to the core of a Uranoan
pyrochlore 27
Figure 2.11. U vs. (Nb and Ti) for NIOC AN and Bond Zone pyrochlore-group
minerals 29
Figure 2.12. Zr vs. (Nb + Ti) for NIOC AN and Bond Zone pyrochlore-group
minerals 30
Figure 2.13. Distribution of elements from the rim to the core of a Thorium
pyrochlore 34
Figure 2.14. Ternary compositional diagram Nb-Ti-Ta for SLC, NIOC AN and
Bond Zone pyrochlore-group minerals 36
VIII
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
Table of Figures continued.
Figure 2.15. Ternary compositional diagram (Na+Ca)-(4-vac)-(U+Th) for SLC,
NIOC AN and Bond Zone pyrochlore-group minerals 38
Figure 2.16. Ternary compositional diagram Ti-REE^^-Na for SLC, NIOC AN
and Bond Zone pyrochlore-group minerals 39
Figure 2.17. Zr vs. (Nb+Ti) for SLC, NIOC AN and Bond Zone pyrochlore-group
. minerals 40
Figure 2.18. Ternary compositional diagram Ti-REE^^-Na for SLC pyrochlore-group
minerals 43
Figure 2.19. Ternary compositional diagram Nb-Ti-Ta for other pyrochlore localities 46
Figure 2.20. Ternary compositional diagram (Ca)-(4-vac)-(Na) for other pyrochlore
localities 47
Figure 2.21. Ternary compositional diagram (Ti)-(REE^^-(Na) for other pyrochlore
localities 49
Figure 2.22. Ternary compositional diagram (Na+Ca)-(4-vac)-(U+Th) for other
pyrochlore localities 50
Figure 2.23. Compositional variations at the 5-site of pyrochlore-group minerals 51
Figure 2.24. Compositional variations at the .4-site of pyrochlore-group minerals 52
Figure 2.25. Si vs. (Nb+Ti) for pyrochlore-group minerals from the Prairie Lake
Calciocarbonatite 62
Figure 2.26. Si vs. (Nb+Ti) for pyrochlore-group minerals from the Bingo
carbonatite complex 65
Figure 3.1. BSE image of a Nb-perovskite &om the NIOC AN deposit at Oka 82
Figure 3.2. BSE image of a Nb-perovskite fiom the NIOC AN deposit at Oka 83
Figure 3J . Distribution of elements from the rim to the core of a Nb-perovskite 88
Figure 3.4. Compositional variation of Nb-rich perovskite from Oka NIOC AN
and Bond Zone deposits 90
Figure 3.5. Compositional variation of Nb-rich perovskite and latrappite fiom Oka,
Kaiserstuhl and Magnet Cove carbonatite complexes 91
IX
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
Table of Figures continued.
Figure 4.1. Compositional space for natural zirconolite 98
Figure 4.2. Chemographic diagram for the system CaO-ZrOg-TiOg-COz 99
Figure 4 J . BSE images of zirconolite fiom the NIOC AN deposit 104
Figure 4.4. Ternary compositional diagram (Zr-Ca-Ti) for zirconolite 107
Figure 4.5. Ca vs. REE (a.p.f.u.) for zirconolite minerals 108
Figure 4.6. Ti vs. (Ta+Nb) (a.p.f u.) for zirconolite minerals 109
Figure 4.7. Ternary compositional diagram [(ACT)-(REE)-(Nb+Ta)] for
NIOC AN and Bond Zone zirconolites 111
Figure 4.8. Ternary compositional diagram [(ACT)-(REE)-(Nb+Ta)] for
zirconolites fiom carbonatites worldwide 113
Figure 5.1. False-colour image of niocalite overgrowth on ceriopyrochlore,
in coexistence with Nb-rich perovskite 120
Figure 5.2. Ternary compositional diagram [(Na)-(Ca/5)-(Nb+Ta)] for niocalite 123
Figure 5J. Ternary compositional diagram [(Zr+Hff-Ti)-(Na)-(Nb+Ta)] for the
NIOC AN and Bond Zone niocalite minerals 124
Figure 5.4. Ternary compositional diagram [(NaXCa/5)-(2Ir+HfFTi)] for the
NIOCAN and Bond Zone niocalite minerals 125


















Minerals identified in the drill core from NIOCAN and Bond Zone 
deposits 7
Classification of the pyrochlore group 10
Representative compositions of pyrochlore-group minerals
fiom NIOCAN and Bond Zone 14
^-site vacancy ranges in the NIOCAN and Bond Zone
pyrochlore-group minerals 15
Sample data fi"om pyrochlore-group minerals from locations
worldwide 44
End-member perovskite compositions 77
Representative compositions of latrappite 81
Representative compositions of perovskite and Nb-perovskite fiom 
NIOCAN and Bond Zone deposits 85
Compositional variations of NIOCAN and Bond Zone perovskite 86




A summary of worldwide localities of zirconolite 102
Representative compositions of zirconolite from NIOCAN and Bond Zone 
deposits 105
Compositional variations of zirconolite firom NIOCAN and 
Bond Zone deposits





R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
1
Chapter 1 : Introduction
1.1. Statement of nature of the work
This research work consists of a detailed mineralogical study of the Oka Carbonatite 
Complex. The focus of this study is the niobium mineralization within the complex and in 
particular the niobium deposit recently located by NIOCAN Inc. As a result of this discovery, 
comparisons can be made between the three niobium deposits found within the carbonatite 
complex; the St. Lawrence Columbium deposit, the Bond Zone deposit, and the NIOCAN 
deposit. In addition, the paragenesis of niobium mineralization, and relationships between Nb- 
bearing minerals can be re-evaluated.
Niocalite, pyrochlore- and perovskite-group minerals are relatively common accessory 
constituents of sovites at the complex. In addition, this study has revealed the occurrence of 
zirconolite. This work will be concentrated on these minerals, as they are good indicators of the 
petrological evolution of alkaline rocks.
1.2. General geology
The Oka carbonatite complex is located 40 kilometres west of Montreal, Quebec, and is a 
member of the Monteregian pétrographie province. The Cretaceous (110 Ma, Shafiqullah er oA 
1970) carbonatites and feldspathoidal-bearing silicate rocks of the Oka complex intrude the 
Precambrian basement rocks as what has been interpreted as a double ring structure (Gold 1963,
1967,1972). The complex is not deformed or metamorphosed, and extends along the axis of the 
Beauhamois arch (a broad northwest trending arch) in a roughly oval shape. The intersection of 
the two structural trends, the northwest-trending Beauhamois arch and the eastward-trending 
faults associated with the Ottawa-Bonnechère graben, probably controlled the emplacement of 
the complex.
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The Oka complex is four and a half miles long by one and a half miles wide, and is 
elongated northwest-to-southest. Previous interpretations of the complex (Gold ef a/., 1963,
1967,1972) suggest that it is composed of four plutons in two intrusive centers (a "figure eight" 
plan). The silicate rocks occur as ring dikes within the carbonatite, and in the outer zones of the 
complex. The carbonatites occur mainly in the cores of the two rings, but also as ring dikes in 
the outer zones of the complex. The entire complex is cut by vertically-dipping alnôite breccia 
pipes.
Exploration of the Oka carbonatite complex began in 1953. Mining activities began at 
Oka in the 1960s, when St. Lawrence Columbium and Metals Corp. mined pyrochlore-bearing 
carbonatite ores for NbgO; at the St. Lawrence Columbium and Metals Corporation mine up until 
the middle 1970s. A second deposit, the Bond Zone deposit was explored at the same time, but 
mining activities were not undertaken. Quebec Columbium Limited own the northern part, and 
Columbium Mining Products Limited own the southern part of this zone (figure 1.1).
Five main groups of intrusive rocks plus fenite, can be found at the Oka Complex (figure
1. 1):
On the basis of their mineralogy, most of the carbonatite rocks are coarse grained sovites, with 
calcite being the main mineral. Accessory minerals found in the carbonatites include aegirine- 
augite, biotite, ^xatite, nepheline, monticellite, melilite, pyrochlore, perovskite, niocalite, 
richterite, pyrite, and pyrrhotite. The sovite carbonatite exhibits modal layering due to varying 
proportions of magnetite, sodian augite, biotite, hornblende and olivine. In most parts of the 
complex, hydrothermal veins filled with calcite, biotite, pyrite and rare-earth minerals such as
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Figure 1.1. Simplified geologic map of the Oka pluton, modified from Gold (1963, 
1972). Sample locations shown are: SLC (St. Lawrence Columbian), NIOCAN, and 
Bond Zone.
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bastnaesite, bhtholite and pahsite are present. These veins occur along fractures caused by 
minor faulting.
This group of rocks is only found in the northern ring of the complex. Melilite and titanaugite 
are the two main minerals found in this series, along with accessory minerals such as nepheline, 
haüyne, perovskite, apatite, biotite, magnetite, and calcite.
T/b/fte-C/rtztg
This group of rocks is found encompassing the southern ring of the complex, as well as dykes in 
the northern ring. The rocks are composed principally of aegirine-augite and nepheline with 
minor or accessory amounts of calcite, melanite, biotite, wollastonite and magnetite.
G/zTMTMgrZtg
Glimmerites occur as zones within ijolite in the St. Lawrence Columbium and Metals 
Corporation mine, the Manny zone and the Bond zone, and are composed of biotite and calcite 
with minor zeolites and rare-earth carbonates. Gold (1972) interpreted the glimmerites to have 
been formed by reaction between late hydrothermal fluids and silicate rocks.
La/7ÿ9rop/ryrgf aW intniyivg Argcc/a;
The lamprophyres and intrusive breccias are made up of polymict breccia comprising country 
rock fragments within a matrix of country rock with calcite, chlorite or phlogpite, or more 
commonly massive alnôite with phenocrysts of olivine, augite, phlogopite and hornblende within 
a calcite -rich matrix.
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The country rocks around the complex have undergone metasomatic alteration. The alteration is 
characterized by replacement of alkali-feldspar, plagioclase and quartz by aegirine and 
nepheline. Fracture systems controlled the alteration.
Gold (1972) postulated the following sequence of events in the formation of the Oka 
carbonatite complex.
1. Gneissic country rocks underwent fentinization, followed by the emplacement of 
early carbonatites as dikes and ring dikes.
2. Ijolitization of the enclosed country rock.
3. The okaite-jacupirangite series rocks intruded as pods and arcuate dikes.
4. The main pyrochlore-bearing carbonatite intrudes, followed by the intrusion of the 
monticellite-carbonatite.
5. The ijolite and micro-ijolite dikes intrude into the complex.
6. Biotitization occurs as a result of the hydrothermal activity along fiactures in the 
complex, forming glimmerites and deposition of thorian pyrochlore.
7. Late carbonatite dikes are emplaced.
8. Alnôite and alnôite breccia pipes and dikes are emplaced.
1.3. Analytical methods
NIOCAN Inc. contributed over 200 drill core samples. Samples were 
collected fiom 4 different drilling sites, with depths of the samples ranging fiom 10-500 metres 
(Appendix I). Thin sections of the samples were prepared, then carbon coated for analysis using 
the electron microprobe.
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The minerals described in the present work were identified using X-ray energy-dispersion 
spectrometry (EDS). All mineral compositions were determined using a JEOL 5900 scanning 
electron microscope equipped with a LINK ISIS analytical system incorporating a Super ATW 
Light Element Detector. Raw EDS spectra were acquired for 60-300 seconds (live time) with an 
accelerating voltage of 20 kV and a beam current of 0.86 nA. The spectra were processed with 
the LINK ISIS SEMQUANT software, with full ZAF corrections applied. The following well- 
characterized natural standards were employed for analysis: loparite (Na, Nb, La, Ce, Pr, Nd), 
perovskite (Ca, Fe, Ti), corundum (Al), orthoclase (K), benitoite (Ba), jadeite (Si), metallic Pb, 
Ta, Th, and U. X-ray diffraction methods were not used as the pyrochlore- and perovskite-group 
minerals exhibit significant alteration and large differences in intra-granular variation in 
composition.
1.4. Introduction to the mineralogy of the complex
Pétrographie analysis of thin sections indicate all of the samples studied are coarse­
grained, calcite-rich rocks, containing euhedral- to -subhedral oxide and silicate minerals in a 
hypidiomorphic matrix of calcite. Minerals identified from individual drill core are listed in 
table 1.1. Complete drill core logs are given in Appendix 3. The carbonatite consists mainly of 
calcite, apatite, and manganese-bearing magnetite, with monticellite, latrappite, Nb-rich 
perovskite, pyrochlore, biotite, niocalite, and zirconolite as accessory phases.
Calcite is typically present in amounts varying from 40 to about 65 volume percent, and 
is found as subhedral and anbedral crystals, and as inclusions within apatite, pyrochlore and 
magnetite. Calcite is also found to host many different mineral inclusions such as: apatite; 
magnetite; barite; pyrite; galena; pyrochlore; zirconolite; and sphalerite. Apatite is typically 
present in amounts varying from 20 to about 30 volume percent, and is found as subhedral and
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Table 1.1. Minerals identified in the drill cores investigated from the NIOCAN and
Bond Zone deposits
Drill core #01 Drill core #31 Drill core #36 Drill core #52
Apatite Ankerite Apatite Apatite
Baddeleyite Apatite Baddeleyite Barite
Barite Baddeleyite Barite Biotite
Biotite - Barite Biotite Calcite
Calcite Biotite Calcite Cahrirtite
Diopside Calcite Diopside Diopside
Geothite Galena Dolomite Dolomite
Ilmenite Geothite Geothite Geothite
Magnetite Ilmenite Magnetite Ilmenite
Pyrochlore Magnetite Niocalite Magnetite
Sphalerite Monticellite Pyrochlore Monticellite
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euhedral crystals; and as inclusions within calcite. It is commonly associated with high 
concentrations of pyrochlore, magnetite and other accessory minerals such as sulfides. Most of 
the apatite is unzoned and homogeneous in composition. The apatite is ubiquitous, occurring 
both as bands and disseminated crystals. Analysis indicates that zoned apatite grains show 
compositional variation, with REE-enrichment towards the outer zones of the grains.
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Chanter 2: Mineralogy and composition of Pvrochlore-grouo minerals
2.1. Pyrochlore
2.1.1. Introduction
Pyrochlore is a common accessory mineral of carbonatites, and is a member of a group of 
cubic (Fd"3m) Nb-Ta-Ti oxides with the general structural formula,
Ai6.xBi6048(0,0H,F)g.y' zHgO, where x and y are vacant sites in the unit cell and x, y and z are 
non-rational. Pyrochlore structures are capable of accommodating a wide variety of cations, v i ­
sites can be occupied by As, Ba, Bi, Ca, Cs, K, Mg, Mn, Na, Pb, REEs, Sb, Sn, Sr, Th, U and Y.
5-site atoms include Nb, Ta, Ti, and V. The assignment of Al, Fe, Si, and Zr is uncertain
(Hogarth, 1989a).
The fMA-CNMMN pyrochlore subcommittee recommended that three subgroups of 
pyrochlore (See table 2.1 for the complete classification scheme) could be recognized:
Pyrochlore Nb + Ta >2Ti, Nb >Ta;
Microlite Nb + Ta >2T i. Ta > Nb;
Betafite 2Ti > Nb + Ta
2.2. Oka Pyrochlore: NIOCAN and Bond Zone deposit
Further classification within the pyrochlore-subgroup depends on whether any of the vi­
site cations, other than Na or Ca, exceeds 20 atomic (at) % of the total occupancy in the 4-site 
(Hogarth, 1989a). The NIOCAN and Bond Zone (BZ) pyrochlores have been classified using 
the occupancy of the 4 -site cations. Samples containing >20 at % of Th, Ce, and U have been 
identified, and have a prefix attached to the pyrochlore name, and are termed thorpyrochlore, 
ceriopyrochlore, and uranpyrochlore respectively. Samples containing less than 20 at. % are 
named thorium pyrochlore, cerium pyrochlore, and uranium pyrochlore, respectively.
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Na+Ca but no PYROCHLORE microlite CALCIOBETAFITE
other 4-atom
One or more K KALIPYROCHLORE
4 -atoms other Cs cesdbtantite
than Na or Ca,' Sn stannomicrolite
>20% total 4- Ba BARIOPYROCHLORE bariomicrolite
atoms Sr unnamed
Species REE
named by ECe>EY yttropyrochlore yttrobetafite
most REE
abundant 4- Bi bismutomicrolite
atom, other Sb stibobetafite
than Na or Ca Pb PLUMBOPYROCHLORE plumbobetafite
U URANPYROCLORE uranmicrolite BETAFITE
Th unnamed
REE= lanthanides + Y; SCe = (La —> Eu), EY = (Gd —» Lu) + Y.
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At Oka, pyrochlore typically occurs as euhedral- to -subhedral crystals, more rarely as 
aggregates and clusters. Pyrochlore is present in amounts varying fiom 2 to 15 vol. percent, and 
in apatite-rich bands approaches 25 vol. percent The constant association of apatite, biotite, and 
pyrochlore, has led Kalogeropoulos (1977), to conclude that Nb-fluorine complexes play a 
leading role in Nb-transportation. Back-scattered electron images (figure 2.1), coupled with 
detailed microprobe analyses, reveal complex compositional zoning in pyrochlore which 
undoubtedly refiects changes in the fiuid composition during growth of the mineral. In contrast, 
a small percentage of the pyrochlore minerals are devoid of detectable zoning. The following 
criteria have been used to describe the various types of zoning and alteration present (Hogarth et 
a/., 2000).
Primary zonation: Crystals vary in composition, and may change systematically fiom 
core- to -rim. Crystals exhibit sharply defined narrow zones of compositional banding.
Lo w-Temperature alteration: Crystals exhibit an irregular amount of discoloured material 
at the crystal margin, and show bleached zones around microffactures. Discoloured, turbid 
patches can be observed within the crystal. Commonly, significant 4-site vacancy is present.
Metamictization: The leaching ofNa and Ca generates a significant 4-site vacancy, 
which can only be detected by electron microprobe. Crystals with >10% UO2 or ThOz are 
commonly metamict.
In the NIOCAN and Bond Zone deposits, pyrochlore is found to be up to 150-200 qm in 
diameter, and can occur intergrown with zirconolite and baddeleyite. The modal percentage of 
pyrochlore varies considerably fiom sample to sample. No more than two different subgroups of 
pyrochlore were found together within one sample. Cerium pyrochlore and uranoan pyrochlore 
were most commonly identified within the same section. The pyrochlore can occur as discrete
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Figure 2.1. Pyrocblote-group minerals fiom the NIOCAN and Bond Zone deposits 
(BSE images), (a) oscillatory zoned, euhedral uranoan pyrochlore, (b) patchy-zoned, 
subhedral cerium pyrochlore, (c) oscillatory zoned, altered, euhedral cerium pyrochlore, 
(d) two-zone cerium anhedral pyrochlore shown associated with perovskite (Prv) 
and apatite (Ap).
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grains or as a cluster of grains. Euhedral, subhedral and anbedral grains are found individually 
and associated together within samples of carbonatite. Some grains contain inclusions of 
calcite, apatite, baddeleyite and zirconolite. Associated minerals include calcite, apatite, 
magnetite, perovskite and biotite (figure 2.1).
Compositional ranges have been determined from over 120 microprobe analyses of 
pyrochlores fiom the NIOCAN and BZ deposits. All pyrochlore analyses are shown in 
Appendix II. Representative data are given in table 2.2, for Wiich the formulae have been 
calculated to a total of two 5-site cations. Extremely large compositional variations were 
observed for the major oxides:
CaO (range 4.09-34.77 wt. % oxide)
TiOz (2.28-40.36 wt. %)
NbzOs (20.09-58.12 wt. %)
ThOz (0.28-18.17 wt. %)
UOz (0.1-27.98 wt.%)
These variations result fiom the alteration of primary magmatic pyrochlore, and 
demonstrate that naturally-occurring pyrochlore can tolerate an exceptionally high density of 
vacancies in the 4 -site. The Oka pyrochlores have an 4-site vacancy ranging fiom 0 (completely 
filled) to 62.5% vacant (table 2.3). Ceriopyrochlore, cerium pyrochlore and uranpyrochlore are 
the groups that exhibit the greatest 4 -site vacancies.
Of the REEs, only cerium is present at high concentration levels (ranging 2.08-15.75 wt. 
%) and only trace amounts of Nd and La can be found. Of note also is the significant content of 
ZrOz. which ranges fiom 0.96 to 16.27 wt %. NIOCAN and BZ pyrochlores contain 
insignificant amounts of TazO; (<2 wt %), in common with pyrochlore-group minerals fiom
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Na^O 6.96 179 0.00 333 3 66 238 1.46
AI2 O3 000 037 0.00 007 0.00 040 0.00
SiO: 0 . 6 6 035 0.00 034 152 135 L85
CaO 1%26 10 17 732 1146 1234 1567 1738
TiOz 5.50 2 15 1144 431 1106 736 7 82
MnO 0.00 0 85 036 099 047 034 036
024 191 2.00 230 031 233 L83
SrO 000 0 18 235 0.00 000 000 0.00
ZrOi 166 1627 541 635 237 0.00 530
NbiO; 6A74 3441 34 60 43 81 42 89 4338 4331
BaO 000 0 07 0.00 031 0.00 000 030
L%0 ] O il L25 0.00 134 2.44 0.00 146
CciOs 620 291 733 15 42 634 1038
NdjOs 0.00 2 27 000 200 233 083 L84
PbO 041 0 00 0.00 0.00 0.00 000 0.00
T^O ; 0.00 0.04 637 038 0.00 0.00 0.00
ThOz 062 2105 0.00 12 42 181 432 232
UOz Ô W 051 2446 038 1.27 12.'48 2.92
Sum 99 45 99.84 97 02 97 12 99 41 98 18 97 93
Na &770 0354 0.000 0 479 0 455 0.371 0381
Ca 1055 0.797 0 514 0 859 0.876 1155 1.184
Mn 0.000 0 053 0C30 0 059 0 026 0.014 0 009
Sr 0.000 0 008 0.087 0.000 0.000 0.000 0 . 0 0 0
Ba OXMO 0 002 0.000 0.006 0 . 0 0 0 0.000 0 005
La 0TW2 0.034 0.000 0.032 0.058 0.000 0.034
Ce 0 027 0 166 0071 0 185 0362 0 170 0.241
Nd 0.000 0.059 0.000 0.050 0.1358 0.020 0.000
Pb 0CW6 0.000 0.000 0.000 0.000 0.000 0.000
Th 0 (0 8 0 350 0.000 0 198 0C36 0 068 0.032
U ocmo 0 009 0361 0.004 0 018 0 191 0 042
ZA 1869 1731 1.053 1872 1880 1.988 1370
A-def 0 131 0.269 0947 0 128 0 120 0.012 0.230
A1 0.000 0CW2 0.000 0.006 0.000 0 032 0.000
Si 0 038 0.026 0 000 0 340 0.098 0320 0318
Ti 0J36 0 118 0 571 0.222 0334 0391 0376
Fe 0 010 0 105 OlOO 0 142 0.034 0310 0.088
Zr 0.046 0 580 0175 0313 0 090 0.000 0359
Nb 1.670 1.138 1(%9 1386 1.245 1346 0 005
Ta 0.000 0 001 0 115 0(M7 0.000 OCWO 03M0
ZB ' 2.000 2.000 2CW0 2.000 2.000 2.000 2CW0
Total Fe expressed as Fê Oa F detected, but not analysed. 
All data calculated on 2 B-site cations.
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Ceriopyrochlore 31,36 oscillatory 0.311-1.288 15.6-64.4
Cerium pyrochlore 01, 36, oscillatory. 0-1.251 0-62 .6
31,52 patchy
Pyrochlore 31 patchy 0.131-0.287 6.6 -  14.4
Thorpyrochlore 52 oscillatory 0.269-0.296 13.5-14.8
Thorium pyrochlore 52, 36 oscillatory 0.126-0.243 6.3 -  12.2
Uranpyrochlore 36, 52 oscillatory. 0.132-1.028 6.6-51.4
patchy
Uranoan pyrochlore 35, 52,31 oscillatory. 0.012-0.374 0.6-18.7
patchy
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
16
other calciocaitx)natites (Nasraoui and Bilal, 2000). Low amounts of SiOz (<4 wt. %) were 
found in the NICX2AN and BZ pyrochlore-group minerals.
An/4-site substitution is illustrated in figure 2.2, a bivariate diagram with (REE) vs- 
(Na+Ca) (a.p.f.u.). Figure 2.2 shows that the pyrochlore-group minerals with increased amounts 
of REE (uranpyrochlore, ceriopyrochlore and thorpyrochlore) have lower amounts of (Na+Ca) 
within their 4 -site.
The proportions of B atoms (Nb, Ta, and Ti) are presented in Ggure 2.3. NIOC AN and 
BZ pyrochlores plot in the pyrochlore subgroup and have an insignificant amount of Ta, and 
varying amounts of Ti and Nb in the B-site. Figure 2.4 is a ternary diagram with apices (/4- 
vacancy)-(Na+Ca)-(U+Th). No correlation is evident between the amount of U+Th and /4-site 
vacancy in the individual pyrochlore groups. However, uranpyrochlores and ceriopyrochlores all 
plot along a line with approximately 20 % (U+Th), with varying amounts of/4-site vacancy.
Cation substitutions involving pyrochlore-group minerals &om calciocarbonatites are 
discussed by Nasraoui and Bilal (2000). Figure 2.5 is a planar vector representation of 
substitutions involving pyrochlores from calciocarbonatites (a^er Nasraoui and Bilal, 2000). 
NIOC AN and BZ pyrochlores have a large range of Ti, Na and REE (figure 2.6). Any 
combination of the substitutions may have occurred with the pyrochlore-group minerals from the 
NIOC AN and BZ deposits. REE may have been incorporated into the pyrochlore structure by a 
coupled substitution involving only the /4-site cations in the reaction:
[l]Na^ + REÊ  ̂= 2Ca^
With constant Nb and Ti, the ceriopyrochlore end-member, REEo.5Nao.;CaNb206(OH,F) can be 
generated. The end-member (REE)NaTiNb06(0H,F) can be generated by a coupled 
substitution involving the cations of both sites /4 and B, when Na is constant, with the reaction:




A  A  ^  A
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
REE
Figure 2.2. Na +Ca (ap.f.u.) vs. REE (a.p.f.u.) for NIOCAN and Bond Zone pyrochlore- 
group minerals. thorpyrochlore, <0>: thorium pyrochlore,: 0 : uranpyrochlore,
O: uranoan pyrochlore, A : ceriopyrochlore. A : cerium pyrochlore.





Figure 2.3. Ternary plot of elements in the B-position in the pyrochlore formula. Solid 
triangles represent pyrochlore -group minerals &om the NIOCAN and Bond Zone 
deposits.
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A-vac
Figure 2.4. Ternary plot of (Na+Ca)-(U+Th)-(v4-vac) for NIOCAN and Bond Zone 
pyrochlores. thorpyrochlore, <C>: thorium pyrochlore, 0 : uranpyrochlore,
O: uranoan pyrochlore. A: ceriopyrochlore. A : cerium pyrochlore.
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Na" + REE  ̂= 2Câ " REÊ " + Ti*" = Câ " + Nb'"
REE'"" + 2Ti''"=Na" + 2Nb








Figure 2.5. Planar vector representation of substitutions involving calciocarbonatite 
pyrochlore-group minerals (q/fgr Nasraoui and Bilal, 2000)




Figure 2.6. Ternary plot REE^^-Ti-Na (a.p.f.u.) for NIOCAN and Bond Zone deposit 
pyrochlore-group minerals (A) (Representative analyses are shown for clarity).
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[2] + Nb^
With constant Ca, the end-member Ca(REE)Ti206(0H,F) can be generated by a coupled 
substitution according to:
[3] REE^^ + 2Ti'*̂  = Na^ + 2Nb^
With REE constant, another coupled substitution can be deduced 6om the previous substitutions
[2] and [3], where the calciobetafite (CazTiNbOe (OHJ^)) end-member is generated:
[4] Ca^  ̂+ Ti^  ̂= Na^ + N b^
In the ternary plot REE-Ti-Na (Ggure 2.6.) pyrochlores 6om NIOCAN and BZ deposit 
are scattered showing no definitive trends, indicating that any combination of the substitutions 
described above by Nasraoui and Bilal (2000) have taken place, with no particular substitution 
being dominant.
It is necessary to compare the compositional information with the textural information of 
the pyrochlore-group minerals 6om the NIOCAN and Bond Zone deposits at Oka. Lumpkin and 
Ewing (1995) describe alteration trends in pyrochlore from a range of parageneses and 
weathering environments. Lumpkin and Ewing (1995) identified three trends relating to 
"^primary", "transitional", and "secondary" alterations, using ternary diagrams with apices 
corresponding to divalent v4-site cations (A^^ filled by Ca, Sr, Ba, Pb, and Fe, monovalent .4-site 
cations (A^ filled mainly by Na and K, and v4-site vacancies. Lumpkin and Ewing (1995) report 
that pyrochlores that display oscillatory zonation generally correspond to a "transitional" trend, 
whereas pyrochlores displaying patchy zonation generally correspond to an "alteration" trend. 
NICXZAN and Bond Zone pyrochlore textures, however, do not correlate to the "transitional" and 
"alteration" trends described by Lumpkin and Ewing (1995). Pyrochlores 6om the NIOCAN 
and Bond Zone deposits were grouped by their textures: oscillatory zoning, patchy zoning or
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where zoning was absent The groups of textures were plotted on ternary diagrams with apices 
(/4^^v4-vacancyX^^ and (Ca+NaXAll other .4-cationsX^-vacancy) (figures 2.7 and 2.8, 
respectively). No correlation could be made, as they plotted randomly on the diagrams.
2.2.1. Uranoan Pyrochlore
Uranoan pyrochlores are commonly found as metamict, mantled crystals, exhibiting 
primary zonation, patchy zonation and low temperature alteration. The uranoan pyrochlore have 
been found associated with zirconolite, commonly intergrown with each other. Generally, they 
are found as large (1.0-1.5 mm) intensively &actured grains. Uranoan pyrochlore are abundant 
within the NIOCAN and BZ deposit, comprising about 2% of the modal abundance of the rock. 
Figure 2.9 is a ternary diagram with apices (A-vacancy)-(Ca)-(Na). Uranoan pyrochlores have 
low Na (a.p.f.u) and a low .4-site vacancy, and plot mainly in the magmatic Geld, as represented 
by Nasraoui and Bilal (2000).
Microprobe analyses were completed on a traverse from the rim to the core of a mantled 
uranoan pyrochlore (Ggure 2.10). The mantled rim (dark BSE zone) shows the highest value of 
uranium and zirconium, \vhich both decrease toward the center of the grain. Cerium peaks at 15 
pm, which corresponds to the bright BSE zone analysed. Calcium is depleted and the v4-site 
vacancy increases at 10pm, which corresponds to the altered zone that was analysed. Niobium 
increases from the rim to the core of the grain. In contrast, other uranoan pyrochlore grains 
analysed showed uranium contents, which slightly increased toward the core of the grain. Some 
uranoan pyrochlores exhibited distinct zoning shown by BSE imaging, however subsequent 
analyses of these grains showed no patterns, with fairly constant or very little variation in the 
UOz content across the grains.







Figure 2.7. Ternary diagram with apices (^^^v4-vacancy)-(^^ fbr NIOCAN and Bond 
Zone pyrochlores from the Oka carbonatite complex. Pyrochlores exhibiting A: patchy 
zonation. A: oscillatory zonation, and O: devoid of zoning (Representative analyses are 
shown fbr clarity). Alteration vectors Lumpkin and Ewing, 1995) are shown as 
arrows pointing toward the altered composition.







Figure 2.8. Ternary diagram with apices (all ̂ -site Cations)-(Ca+Na)-(^-vacancy) fbr 
NIOCAN and Bond Zone pyrochlores from the Oka carbonatite complex. Pyrochlores 
exhibiting A: patchy zonation. A: oscillatory zonation, and O: devoid of zoning 
(Representative analyses are shown here fbr clarity). Alteration vectors (a/Ÿer Lumpkin 
and Ewing, 1995) are shown as arrows pointing toward the altered composition.






Figure 2.9. Ternary plot of (Ca)-(Na)-(^-site vacancy) fbr NIOCAN and Bond Zone 
pyrochlores. thorpyrochlore, O: thorium pyrochlore,: 0 uranpyrochlore, O: uranoan 
pyrochlore. A: ceriopyrochlore. A: cerium pyrochlore.
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(qm)
Figure 2.10. Distribution of (a) Uranium, (b) /4-site deficiency, (c) Cerium, (d) Calcium, 
(e) Niobium, and (f) Zirconium from the rim to the core of a mantled Uranoan 
pyrochlore.
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Uranoan pyrochlores have a small range of niobium and titanium (1.5-1.7 a.p.f u), 
compared to that of the other pyrochlore-group minerals (figure 2.11). A B-site substitution 
between niobium and titanium with zirconium within the uranoan pyrochlore, is shown in figure 
2.12. As the amount of Zr (a.p.f.u) increases, the (Nb+Ti) decreases. This plot (Nb+Ti) vs. (Zr) 
shows a good negative correlation (correlation coefficient = -0.74) confirming this substitution of 
Zr fbr (Nb+Ti) within the B-site. In the uranoan pyrochlore, moderately high concentrations of 
Zr occur with up to 9% Zr'̂  ̂present in the B-site.
2.2.2. Uranpyrochlore
Uranpyrochlores are commonly found exhibiting primary zonation, patchy zonation and 
low temperature alteration. They are found as both intensively fractured, discrete grains and as 
clusters of smaller grains. Uranpyrochlore comprise about 2% of the modal abundance within 
the NIOCAN and BZ deposits. In figure 2.9, uranpyrochlores contain insignificant Na, have 
ranges of /4-site vacancy, including the second highest /4-site vacancy of all of the pyrochlore 
subgroups. Figure 2.9 indicates that uranpyrochlores plot in two separate fields as represented 
by Nasraoui and Bilal (2000), the alteration field and the magmatic Held. This can be explained 
by a mantled pyrochlore, in which the core of the grain plots in the magmatic Held, and the 
altered rim (with large /4-site vacancy) plots within the alteration Held. A possibility fbr other 
uranpyrochlore data that plot within the two separate Helds is that they belong to two separate 
uranpyrochlore groups that either crystallized at different times or were derived from diHerent 
batches of carbonatite magma.
Analyses reveal that there is a small range of niobium and titanium fbr uranpyrochlores, 
ranging Hom approximately 1.5 to 1.7 a.p.f.u (Hgure 2.11). A B-site substitution between 
niobium and titanium with zirconium within the uranpyrochlore, is shown in Hgure 2.12. With





Figure 2.11. U vs. (Nb + Ti) (a.p.f.u) fbr NIOCAN and Bond Zone pyrochlore-group 
minerais. thorpyrochlore, O: thorium pyrochlore,
0 : uranpyrochlore, O: uranoan pyrochlore, A : ceriopyrochlore. A : cerium pyrochlore.
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1.6 1.8 2.01.0 1.2 1.4
Nb+Ti
Figure 2.12. Zr vs. ( Nb + Ti ) (a.p.f.u.) fbr NIOCAN and Bond Zone pyrochlore-group 
minerals: thorpyrochlore, <3>: thorium pyrochlore, 0 :  uranpyrochlore, O: uranoan
pyrochlore. A : ceriopyrochlore. A: cerium pyrochlore.
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increasing amounts of zirconium (a.p.f.u.) there is a decrease in niobium and titanium. In 
uranpyrochlore, high concentrations of zirconium occur with up to 16.25 % Zr^  ̂present within 
the B-site.
2^3. Cerium Pyrochlore
Cerium pyrochlores are found exhibiting primary and patchy zonation. Bleached zones 
around microfractures and discoloured, turbid patches can be seen in BSE images, which are 
features of low temperature alteration as defined by Hogarth er a/. (2000). They are frequently 
found as small subhedral clusters (0.1-0.22 mm). The larger cerium pyrochlores (-1.4 mm) 
contain apatite and calcite inclusions, and are intensively fractured. Cerium pyrochlores are the 
most abundant of the pyrochlore-group minerals found in the Oka carbonatite, comprising -9% 
of the modal abundance (cerium pyrochlore constitutes over 60% of all pyrochlore-group 
minerals in the Oka carbonatite complex). Cerium pyrochlores exhibiting primary zonation have 
Ce contents that increase toward the rim of the crystal. In a few cases, cerium pyrochlore forms 
the core of the primary zoned crystals, with ceriopyrochlore occurring in the rim of the crystal. 
Some cerium pyrochlore crystals show primary zonation, with fairly constant Ce contents across 
the crystal. Figure 2.9 illustrates that the cerium pyrochlores have a range of Na (ap.f.u.) and 
vacancies within the v4-site. Cerium pyrochlore, along with ceriopyrochlore, exhibits the second 
largest v4-site vacancies of the Oka pyrochlore-group minerals (table 2.3). In figure 2.9, most 
cerium pyrochlore data plot within the magmatic Geld as represented by Nasraoui and Bilal 
(2000), with the exception of a rim of an oscillatory zoned grain, which plots within the 
alteration Geld.
Although the cerium pyrochlores do not have a lot of variation within the B-site, a B-site 
subsGtuhon occurs between niobium and Gtanium with zirconium (Ggure 2.12). Cerium
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pyrochlores have the lowest contents of zirconium of all the pyrochlore-group minerals from the 
Oka complex (Ggure 2.12), averaging 3.9 % Zr̂ "̂  present within the B-site.
2.2.4. Ceriopyrochlore
Ceriopyrochlore are found exhibiting primary zonation, patchy alteraGon and low 
temperature alteraGon. They are found as large, Gactured, discrete grains and as clusters of 
smaller subhedral grains. Ceriopyrochlore are not very abundant within the NIOCAN and Bond 
Zone deposits, compnsing approximately 0.3 ± 0.1 % of the modal abundance of the carbonaGte. 
In Ggure 2.9, ceriopyrochlore grains plot in the magmaGc Geld, represented by Nasraoui and 
Bilal (2000), with an excepGon of an outer zone of a cenopyrochlore grain, which plots within 
the alteraGon Geld.
A B-site subsGtuGon between niobium and Gtanium with zirconium within the 
ceriopyrochlore, is shown in Ggure 2.12. Ceriopyrochlores have moderate zirconium contents, in 
comparison to the other pyrochlore-group minerals Gom the NIOCAN and Bond Zone deposits 
(Ggure 2.12), averaging 4.39 % Zr^  ̂within the B-site.
2.2.5. Thorium Pyrochlore
Thonum pyrochlore are found exhibiting primary zonaGon, and patchy zonaGon. 
Generally, the grains are smaller (-0.4 mm) and subhedral. The thonum pyrochlore are rare 
within the NIOCAN and Bond Zone deposits, comprising about 0.2% of the modal percentage of 
the carbonaGte. In Ggure 2.4, thorium pyrochlores are found grouped together with low amounts 
of (U+Th) and low ./4-site vacancies. This corresponds to the low degree of alteraGon found in 
the thorpyrochlores and the thonum pyrochlores. In contrast to other pyrochlore-group minerals 
from the NIOCAN and Bond Zone deposits, there is no signiGcant intra- and intergrain
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composiGonal variation. In Ggure 2.9, all thonum pyrochlore plot within the magmaGc Geld 
represented by Nasraoui and Bilal (2000).
A B-site subsGtuGon between niobium and Gtanium with zirconium within the thorium 
pyrochlore, is shown in Ggure 2.12. Thonum pyrochlores have higher zirconium contents as 
compared to the other pyrochlore-group minerals Gom the NIOCAN and BZ deposits (Ggure 
2.12) ranging Gom 7.3 -  10.65 % Zr^  ̂within the B-site.
Figure 2.13 shows the distnbuGon of diverse elements along a traverse of an oscillatory 
zoned thonum pyrochlore. Thonum remains relaGvely constant across the traverse, varying 
Gom 0.04 to 0.16 a.p.f u. From 0.4 -  0.6 mm there is an increase in cenum, which is correlated 
with a decrease in calcium, a result of subsGtuGon within the .4-site. Niobium decreases Gom 
0.04 - 0.06 mm, and this is correlated with an increase in zirconium, a result of the suhsGtuGon in 
the B-site described above.
2.2.6. Thorpyrochlore
Thorpyrochlore are G)und exhibiGng patchy alteraGon. Generally, the grains are small 
(-0.4 mm) and subhedral. The thorpyrochlore are also rare within the NIOCAN and Bond Zone 
deposits, where only a few grains have been idenGGed. In Ggure 2.9, thorpyrochlore plots within 
the magmaGc Geld, represented by Nasraoui and Bilal (2000).
A B-site subsGtuGon between niobium and Gtanium with zirconium within the 
thorpyrochlore, is shown in Ggure 2.12. Figure 2.12 shows that thorpyrochlores have the highest 
contents of zirconium among the pyrochlore-group minerals, with up to 29 % Zr^ within the B- 
site.
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Figure 2.13. Distribution of (a) Thorium, (b) Niobium, (c) Cerium, (d) Zirconium, (e) 
site deficiency, and (f) Calcium from the rim to the core of a zoned thorium pyrochlore.
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2J. Pyrochlore from the St. Lawrence Columbium deposit. Oka, Quebec.
In order to compare and contrast the pyrochlore-group minerals within die Oka complex, 
data fbr pyrochlores originating &om the St Lawrence Columbium Deposit (figure 1.1) were 
used fbr comparison. Electron microprobe analyses of homogeneous and zoned pyrochlores 
were completed by Petruk and Owens (1975), and Kalogeropoulos (1977).
Petruk and Owens (1975), studied eight separate pyrochlore grains 6om the St. Lawrence 
Columbium Deposit (SLC). Representative compositions from their data are listed in Appendix 
V. Three homogeneous grains, two zoned grains, two uranoan pyrochlore and one 
uranpyrochlore grain were analysed with a Materials Analysis Company (MAC) electron 
microprobe. All pyrochlore grains studied showed only minor alteration and were fbund as 
euhedral-to-subhedral grains. Analyses revealed small amounts of Si% \\diich was considered to 
be an impurity, present as minute inclusions of a silicate.
Kalogeropoulos (1977), describes the Oka SLC pyrochlore-group minerals as occurring 
as disseminated idiomorphic crystals and more rarely aggregates and clusters throughout the 
gangue, as well as intergrowths with calcite. Pyrochlore-group minerals from SLC are typically 
present in amounts varying from 0.2 to about 5 percent, with the exception of apatite-rich bands, 
Miere the modal abundance approaches 12 percent (Kalogeropoulos, 1977). Energy-dispersive 
and wavelength-dispersive electron microprobe analyses are included in Appendix IV. 
Kalogeropoulos (1977) describes the pyrochlore-group minerals as euhedral-to-subhedral, 
exhibiting resorption textures (possibly metamict), and containing numerous inclusions of 
calcite, apatite, and geothite (?).
Figure 2.14 is a ternary diagram with apices Nb-Ti-Ta The SLC data have high Nb- 
content and belong to the pyrochlore subgroup. The Nb contents fbr the SLC deposit, when






Figure 2.14. Ternary diagram with apices Nb-Ti-Ta. St. Lawrence Columbian Deposit 
(SLC) pyrochlore-group minerals are represented by (O), NIOCAN and Bond Zone 
deposit pyrochlore-group minerals are represented by (A). An evolutionary trend is 
shown by the arrow.
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compared to the NIOCAN and Bond Zone deposits, are slightly higher and less variable. 
Therefore the main constituent in the ^  position of the pyrochlore-group formula is Nb, with 
slight Ti-substitution.
SLC pyrochlore-group minerals have low amounts of U+Th, and a low X-site vacancy 
(figure 2.15). This indicates that v4-site substitution is absent, which corresponds to relatively 
unaltered pyrochlores. An evolutionary trend is shown in figure 2.16, a ternary diagram with 
apices REE^^-Ti-Na. The SLC pyrochlore-group minerals plot in the Na-enriched comer, with 
low REE^ .̂ With increasing amounts ofREE^\ the SLC data trends towards the composition of 
pyrochlore in the NIOCAN and Bond Zone deposits.
SLC pyrochlore-group minerals have very low Zr contents as shown by figure 2.17 (<1 
wt. %). B-site substitution is not evident fbr the SLC pyrochlores.
Petruk and Owens (1975) conclude that the compositional and physical variations of the 
SLC pyrochlore may reflect pauses in the evolution of the carbonatite, where equilibrium was 
attained and speciGc types of pyrochlore crystallized in response to the thermodynamic and 
crystallochemical condition associated with the pauses. They also conclude that the presence of 
zoned pyrochlore grains suggests that conditions fbr depositing the low-uranium pyrochlores of 
one zone alternated with the conditions fbr depositing the uranium-6ee pyrochlore of the other 
zone. They report that similar fluctuations existed fbr the deposition of low-thorian pyrochlores.
Kalogeropoulos (1977) concluded by classifying each of the different varieties of 
pyrochlore-group minerals from the SLC deposit. Furthermore, a paragenetic sequence of the 
mineralization of the SLC deposit was constmcted. The trace element content, the essential lack 
of independent rare-earth minerals, and the abundance of pyrochlore, were used to suggest the 
pyrochlore-group minerals are middle-stage crystallization products of the carbonatite complex.




Figure 2.15. Ternary diagram with apices (Na+Ca)-(A-site vacancy)-(U+Th). St. Lawrence 
Columbian Deposit (SLC) pyrochlore-group minerals are represented by (O), NIOCAN and 
Bond Zone deposit pyrochlore-group minerals are represented by (A).




Figure 2.16. A ternary diagram with apices Ti-REE^^-Na. St. Lawrence Columbian 
Deposit (SLC) pyrochlore-group minerals are represented by (O), NIOC AN and Bond 
Zone deposit pyrochlore-group minerals are represented by (A). An evolutionary trend 
is shown by the arrow.

















Figure 2.17. Zr vs. (Nb+Ti) (a.p.f.u.). St. Lawrence Columbian Deposit (SLC) 
pyrochlore-group minerals are represented by (O), NIOCAN and Bond Zone &posit 
pyrochlore-group minerals are represented by (A).
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Furthermore, Kalogeropoulos (1977) infers that the main portion of pyrochlore seems to have 
been deposited after the main period of calcite crystallization. The resorption textures reflect a 
physiochemical change in the carbonatite magma during the period of pyrochlore crystallization 
(Kalogeropoulos, 1977).
When comparing the SLC to the NIOCAN and Bond Zone pyrochlore-group minerals, 
many differences can be identified. Overall, the pyrochlores from SLC have a lower modal 
abundance in their host carbonatite (ranging from 0.2-5 %). They can be found as euhedral to 
subhedral discrete grains (less commonly found clustered). NIOCAN and Bond Zone 
pyrochlores are found exhibiting euhedral, subhedral and anhedral habit, as both discrete and 
clustered grains. SLC pyrochlores are found as both homogeneous and zoned grains, and less 
commonly show signs of alteration.
SLC pyrochlores are found as inclusions within apatite and calcite, and with inclusions of 
apatite and calcite. NIOCAN and Bond Zone pyrochlores are less commonly found as inclusions 
within other minerals. The inclusions found in the NIOCAN and Bond Zone pyrochlores are 
apatite, calcite, REE carbonates and zirconolites; a much more diverse suite of minerals.
The pyrochlore-group minerals identified in the SLC deposit are cerium, uranoan, and 
low-thorium pyrochlores. There are small compositional variations within the SLC pyrochlores: 
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is present as minute inclusions of silicate in the SLC pyrochlore. In the NICXZAN 
and Bond Zone pyrochlore, Si^  ̂is present within the pyrochlore structure (<4 wt. % SiOz). 
Inclusions of silicate were not identified by BSE imagery, and considered to be absent.
/f-site vacancy ranges in the SLC pyrochlore are from 0 (completely filled) to 13.3%, a 
small range compared to NIOCAN and Bond 2^ne, which have vacancies up to 62.5%. Of the 
REE's, only cerium is present at higher concentration levels (2.56-10.86 w t % CezO,) in the 
SLC pyrochlore. SLC pyrochlores have extremely low zirconium contents compared to the 
NIOCAN and Bond Zone pyrochlores (0 to 0.94 wt. % ZrOz). Tantalum contents are low in all 
three Oka deposits.
Figure 2.18 is a ternary diagram of REE^^-Ti-Na (a.p.f u ). The SLC pyrochlores have a 
large range ofREE^^ and Na, with a small range ofTi. Therefore, REE may have been 
incorporated into the pyrochlore structure by a coupled substitution involving only the v4-site 
cations in the reaction:
Na  ̂+ REE^ = 2Câ ^
With constant Nb and Ti, the ceriopyrochlore end-member, REEo 5NaojCaNbz06(OHJ^) can be 
generated (Nasraoui and Bilal, 2000).
2.4. Pyrochlore-group minerals from other carbonatite localities and alkaline complexes 
worldwide
A better understanding of the magmatic, hydrothermal and low-temperature evolution of 
carbonatites can be developed through the study of the chemical behaviour of pyrochlores altered 
under different conditions. Pyrochlore-group minerals hosted by calciocarbonatites, dolomitic 
carbonatites, and other alkaline rocks around the world have been evaluated and compared to the 
pyrochlore-group minerals identified &om Oka. Table 2.4 is a list of the locations that were used




Figure 2.18. Ternary diagram with apices REE^^-Ti-Na for the SLC pyrochlore-group minerals
(O).
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Table 2.4. Sample data from pyrochlore-aroup minerals from locations worldwide, used for comparison
Area Location General reference Rock type Analyses
Lueshe Dem. Rep. Of Congo Nasraoui and Bilal, 2000 calciocarbonatite Lu-mgI, Lu-h2, Lu-wl
Prairie Lake Northwestern Ontario, 
Canada
Hammond, 1999 calciocarbonatite PL-1,PL^2, PL-3,PL-4, 
PL-5, PL-6 , PL-7, PL-8 , 
PL-9, PL-10
Verity and Fir British Columbia Simandl et al., 2001 magnesiocarbonatite Ver-1, Fir-1
Sokli Northern Finland Lindqvist et al., 1979 calciocarbonatite Sok-1, Sok-2
Bingo Northeastern Zaire Williams et al., 1997 calciocarbonatite Bin-1, Bin-2, Bin-3, Bin-4, 
Bin-5, Bin-6 , Bin-7, Bin-8 , 
Bin-9, Bin-10, Bin-11, Bin- 
12, Bin-13
Mt. Weld W. Australia Lottermoser and England, 1988 laterite carbonatite Mt-W-A, Mt-W-B, Mt-W- 
C, Mt-W-D, Mt-W-E, Mt- 
W-E2
Lesnaya Kola Penninsula, Chakhmouradian et al., 1998 apatite- dolomite Kolal, Kola2, Kola3
Varaka Russia carbonatite
Complex
Kovdor Kola Penninsula, C.T. Williams, 1996 alkaline complex Kov-1, Kov-2, Kov-3
Complex Russia
Chilwa I. Malawi Hogarth et al., 2000 calciocarbonatite Chi-1
Fen Norway Hogarth et al., 2000 calciocarbonatite Fen-1,Fen-2,Fen-3,Fen-4
Qaqarssuk West Greenland C. Knudsen, 1989 calciocarbonatite Qaq-1, Qaq-2
Newania R^asthan Viladkar and Chose, 2002 dolomite carbonatite New-1, New-2, New-3, 
New-4, New-5, New-6
Lovozero Russia Chakhmouradian and Mitchell, 
2 0 0 2





























for comparison. Representative compositional data for these pyrochlores can be found in 
Appendix IV.
2.4.1. Dolomitic carbonatite hosts
(a) Newania carbonatite, Rajasthan
Viladkar and Ghose (2002), studied barium- and -uranium pyrochlores from the Newania 
carbonatite, R^asthan. The Newania carbonatite is unique because it might represent an 
unmodified primary mantle-derived melt (Viladkar and Ghose, 2002). Uranpyrochlores (with up 
to 22.92 wt. % UOz) are found as fresh, unaltered grains within a dolomitic carbonatite matrix. 
Analyses of uranpyrochlore from the Newania carbonatite are presented in Appendix IV. The 
carbonatite consists mainly of dolomite, with calcite, and accessory magnetite, apatite, barium 
pyrochlore, uranpyrochlore, uranoan pyrochlore, columbite, monazite, zircon, phlogopite, and 
amphibole. Viladkar and Ghose (2002), conclude that the crystallization of highly uraniferous 
pyrochlore essentially started in a very early stage (cumulate phase) of crystallization of 
carbonatite (rauhaugite) magma at Newania, which had elevated concentrations of both Nb and 
U.
The Newania pyrochlores are useful for comparison with the Oka pyrochlores because of 
the extremely high UOz wt. % found in both occurrences. The proportions of B atoms (Nb, Ta, 
Ti) for pyrochlore-group minerals are presented in Ggure 2.19. Newania pyrochlores plot in the 
pyrochlore sub-group and have slightly elevated concentrations of Ta, compared to pyrochlores 
from other localities. Newania pyrochlores also show a variation in their Ti content (Ti replaces 
Nb) (Sgure 2.19). Figure 2.20 indicates that the Newania uranpyrochlores plot in the alteration 
field bom Nasraoui and Bilal (2000). However, Viladkar and Ghose (2002), report that most of 
the analysed grains in the study were besh and bee bom alteration. No explanation was







Figure 2.19. Ternary plot of elements in the B-position in the pyrochlore formula. 
O: Lueshe , # : Sokli, O: Blue River, Kovdor, * :  Bingo, A: Prairie Lake,
#: Newania, Fen, Kola, Qaqarssuk, Mt. Weld
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Figure 2.20. Ternary plot of (Ca)-(Na)-(^-site vacancy) for pyrochlores &om localities 
worldwide.
O: Lueshe, # :  Sokli, O: Blue River, "I": Kovdor, * : Bingo, A: Prairie Lake, # : Newania, 
Fen. Kola, ^  Qaqarssuk. O : Mt. Weld___________________________________
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given for the large range of .^-site vacancies within the pyrochlores. Figure 2.21, a ternary 
diagram with apices Ti-REE^^-Na illustrates Newania pyrochlores as having a small 
compositional Geld when compared to Oka pyrochlores. In general, Na^O abundances are quite 
low in the Newania pyrochlores (Ggure 2.21). Figure 2.22, a ternary diagram with apices 
(Na+CaX^-vac)-(U+Th), shows the large range of /4-site vacancies exhibited by the Newania 
pyrochlores. In addition, Newania pyrochlores have high (U+Th) (a.p.f.u) contents, which are 
comparable to those of the Oka uranpyrochlores.
Zr concentration in Newania pyrochlore is extremely low (average ZrO: around 0.2 wt. 
%). A weak, but positive correlation, was found between Zr and Nb in the Newania pyrochlores 
(Viladkar and Ghose, 2002). Viladkar and Ghose (2002) report that discrete grains of zircon are 
commonly associated with pyrochlore in bands in rauhaugite, while no Zr is found to be 
concentrated in the pyrochlore minerals. They conclude that the Zr must be Gxed in the zircon 
grains. Figure 2.23, shows compositional variations at the B-site of pyrochlore-group minerals. 
Newania pyrochlores show a negative correlation, indicating that with an increase in Nb, there is 
a decrease in Si, Zr, and Ti. However, since extremely low amounts of Si (<0.5 wt. % SiOz) and 
Zr (<0.5 wt. % ZrOz ) are present within the Newania pyrochlores, this must represent a B-site 
substitution between Nb and Ti.
Figure 2.24 is a bivariate diagram representing the compositional variations at the /4-site 
of pyrochlore-group minerals. Newania pyrochlores show a weak negative correlation between 
(REE+U+/4-vac) and (Na+Ca). This indicates that there is a substitution within the /4-site 
causing the CaO and NazO abundances to be quite low.
Viladkar and Ghose (2002) conclude that most of the Newania pyrochlore seem to have 
crystallized in the early stages of magmatic crystallization along with apatite, magnetite and




Figure 2.21. Ternary diagram with apices (Ti)-(REE^^-(Na). Dotted line represents the Oka 
pyrochlore compositional field (Bond Zone, NIOCAN, and St. Lawrence Columbian).
O: Lueshe, # :  Sokli, O: Blue River,"^: Kovdor, * : Bingo, A: Prairie Lake, #: Newania, 
Fen, Kola, Qaqarssuk, M t Weld




Figure 2.22. Ternary diagram with apices (Na+Ca)-(^-site vacancy)-(U+Th) for pyrochlore- 
group minerals &om different localities around the world.
O: Lueshe, # :  Sokli, O: Blue River, Kovdor, * : Bingo, A: Prairie Lake, %: Newania, 
Fen, Kola, Qaqarssuk, ^  Mt. Weld





Figure 2.23. Compositional variations at the B-site of pyrochlore-group minerals.
O: Lueshe, # :  Sokli, O: Blue River, Kovdor, * : Bingo, A: Prairie Lake, %: Newania, 
Fen, Kola, Qaqarssuk, ^  Mt. Weld




Figure 2.24. Compositional variations at the v4-site of pyrochlore-group minerals.
O: Lueshe, # :  Sokli, O: Blue River, Kovdor, * : Bingo, A: Prairie Lake, %: Newania,
Fen, Kola, Qaqarssuk, ^  Mt. Weld
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phlogopite. They explain the high modal concentration of U-rich pyrochlore from the early 
carbonatite to be a product hom a carbonatite magma enriched in U and Nb, where the U is 
progressively depleted during carbonatite development. They conclude that the U content in 
rauhaugites is high, vshich explains the highly uraniferous nature of the Newania pyrochlore. 
However, the large v4-site vacancy reported does not imply that the U-rich pyrochlores are 
primary magmatic pyrochlores, other factors were involved during or after crystallization 
involving the leaching of the /4-site cations in order to produce significant /4-site vacancies.
Few similarities can be identified when comparing the U-rich pyrochlores of the Newania 
carbonatite to the U-rich pyrochlores from Oka. Both pyrochlores have extremely high amounts 
of U and Nb. At Newania, U-rich pyrochlore is the only Nb-bearing mineral found with a high 
modal abundance. At Oka, pyrochlore- group minerals, perovskite-group minerals, and niocalite 
have all been reported in high modal abundances. Oka pyrochlores have higher amounts of Zr 
held in the B-site, in addition to being associated with Zr-bearing minerals such as zirconolite, 
baddeleyite and calzirtite. Therefore at Oka, the Zr is not fixed in specific minerals, as it occurs 
in many different minerals. Only one specific pyrochlore-group mineral (uranpyrochlore) has 
been reported at Newania, in contrast to the variety of pyrochlore-group minerals found at Oka, 
with varying amounts of Ce, Th, U, and Ca. Oka U-rich pyrochlores are found with varying 
amounts of alteration, zoning, /4-site vacancies and impurities. Newania pyrochlores are 
reported as 6 esh and 6 -ee from alteration.
The conclusions of Viladkar and Ghose (2002) for the U-rich pyrochlores are not 
applicable for the Oka U-rich pyrochlores. In order to account for the various amounts of 
alteration, zoning, impurities and/4-site vacancies for the U-rich pyrochlores at Oka, other 
factors must have been involved, and will be discussed below.
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(b) Apaüte-dolomite carbonatite, Lesnaya Varaka complex. Kola Peninsula, Russia
Mineral intergrowths composed of lueshite (NaNbOs) in the core and pyrochlore-group 
minerals in the rim are present within the apatite-dolomite carbonatite at Lesnaya Varaka 
(Chakhmouradian and Mitchell, 1998). Chakhmouradian and Mitchell (1998) report pyrochlore 
developing on lueshite and showing a wide compositional range from "normal" almost 
stoichiometric Na-Ca pyrochlore to Na-poor Sr- and Ba-rich pyrochlore. Representative 
compositions of the pyrochlore can be found in Appendix IV. The proportions of B atoms (Nb, 
Ta, Ti) for pyrochlore-group minerals are presented in figure 2.19. Lesnaya Varaka pyrochlores 
plot in the pyrochlore field and do not contain any Ta.
The Na-Ca pyrochlore was found to contain moderate LBEB2O3, SrO and TiOz with a 
small /4-site vacancy (0.05-0.39 apfii; Chakhmouradian and Mitchell, 1998). The Na-Ca 
pyrochlores plot in the magmatic Geld represented by Nasraoui and Bilal (2000) (Ggure 2.20). 
Figure 2.21, a ternary diagram with apices Ti-REE^^-Na, shows the Lesnaya Varaka Na-Ca 
pyrochlores plot in the Na comer, within the Oka pyrochlore compositional Geld. 
Chakhmouradian and Mitchell (1998) report that pyrochlores close to the ideal composition, 
NaCaNbzOg (F,OH), with low to moderate LBEB, Sr, Ti and Th occur in a broad vanety of 
carbonatites. Some Na-Ca pyrochlore is enriched in ThOz, which is found to have a negabve 
correlation with CaO and no other components, suggesting an /4-site substitution between Th^  ̂
and Ca^T The Ba-stronGopyrochlore is found developed in penpheral zones and along fractures 
within the Na-Ca pyrochlore. Ba-stronGopyrochlore exhibits strong composiGonal variation with 
respect to CaO, SrO, BaO and Nb2 0 ;. Chakhmouradian and Mitchell (1998), conclude that Ba- 
strontiopyrochlores are products of low-temperature hydrothermal or secondary (hypogene) 
alteration of the primary mineral assemblage of the carbonatite.
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In comparison, the Oka pyrochlore-group minerals contain only trace amounts of Sr and 
Ba, typically below the detection limit Pyrochlore-group minerals are found as discrete grains 
in Oka, not as intergrowths with other Nb minerals. Pyrochlore from the Oka carbonatite 
complex diverges substantially 6om the ideal composition in being Ce, U, Th and Zr enriched. 
Oka does not contain any pyrochlore-groiq) minerals close to the ideal composition NaCaNbzOg 
(F,OH).
(c) Kovdor carboiratite complex, Kola Peninsula, Russia
Uranoan pyrochlore-group minerals (closely associated with zirconolites) 6om the 
Kovdor Carbonatite complex, have been described by Williams (1996). Williams (1996) notes 
the relative abundances of U and Th, and Ce, which is the only detectable REE in the pyrochlore 
structure. The pyrochlores at Kovdor have Ta-rich cores and U-rich rims. /4-site occupancies 
are generally close to 2. Patchy zonation features have not been identiGed, indicating that the 
Kovdor pyrochlores have not been subject to any signiGcant degree of sub-solidus caGon 
leaching and hydrabon (Williams, 1996). However, Williams (1996) reports that the pyrochlores 
are subhedral and have embayed edges, therefore indicabng that some degree of dissolution and 
corrosion has occurred.
Figure 2.19 is a ternary diagram of elements in the B-posibon in the pyrochlore formula. 
Kovdor pyrochlores plot in the Nb comer, indicabng they belong to the pyrochlore-subgroup.
All Kovdor pyrochlores plot in the magmabc Geld represented by Nasraoui and Bilal (2000) 
(Ggure 2.20). Kovdor pyrochlores have elevated values of REE (present as Ce) and plot within 
the Oka composibonal Geld in Ggure 2.21. In Ggure 2.23, no chemical variabon is present in the 
B-site of the pyrochlore structure, indicabng there is no B-site subsbtubon involved with the 
Kovdor pyrochlores. No subsbtubon is involved in the /4-site of the pyrochlores Gom Kovdor,
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as there is no variation at the /4-site shown (Ggure 2.24). Of note is the elevated concentraGons 
of Zr reported by Williams (1996), with ranges of 0.7 to 4.1 wt. % ZrOz.
Williams (1996) concludes that accessory minerals such as pyrochlore, zirconolite and 
baddeleyite are probably major hosts for the incompatible elements in the carbonatite. 
Furthermore, the Ta-nch cores to the Ta-poor rims reGects the late-stage differentiaGon of 
magmas of both alkaline and carbonaGGc afSniGes (Williams, 1996). In contrast. Oka 
pyrochlores contain little to no detectable Ta. However, the same hypothesis could be possible 
for the pyrochlores found with Nb-nch cores and Nb-poor rims. Zirconolite is also found 
associated with Oka pyrochlores, and Zr emichment in the B-site of the Oka pyrochlores has 
been found to be the result of a subsGtuGon with Nb. Of the REE in the Oka pyrochlores. Ce is 
most enriched and often the only REE present above detectable levels.
2.4,2. MagnesiocarbonaGte hosts
(a) Blue River carbonatite complex, British Columbia, Canada 
There are twelve carbonaGte and syerute complexes known to occur in the Blue River 
area of Southern BnGsh Columbia. Pyrochlore-group minerals Gom the metamorphosed Venty 
and FG magnesiocarbonatite complexes were used in this study for comparison with the Oka 
pyrochlore-group minerals. Simandl er a/. (2001) reported on the niobium and tantalum minerals 
idenGGed at the Verity and FG deposits. Fine-grained subhedral pyrochlores have been analysed 
by Simandl er a/. (2001) and are presented in Appendix IV. Zoned tantalum pyrochlore grains 
show composiGonal variaGons suggesting that the highest Ta concentraGons are associated with 
the highest UO2 content. Venty and Fir pyrochlores plot within the pyrochlore-subgroup as 
defined by Hogarth (1989), and plot within the pyrochlore Geld on the Ti-Nb-Ta diagram (Ggure 
2.19).
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Figure 2.20 indicates that the Blue River Ta- and -U-rich pyrochlores plot in the 
magmaGc Geld represented by Nasraoui and Bilal (2000), having very low v4-site vacancies. 
Figure 2.21 deGnes the Blue River pyrochlores as Na-nch and REE^^ poor. Simandl er a/.
(2001) report that the REE contents of both pyrochlore and columbite are reladvely low; 
however, higher amounts of REE were reported in wbole rock analyses. They conclude that it is 
likely that substantial proportions of the total REE indicated by the whole rock analyses, is 
accounted for by other minerals. No further work has been undertaken on the Blue River 
pyrochlores, and the variaGons in Ta, Nb, U and Th composiGons of the pyrochlores remain 
unexplained. '
There is very small composiGonal variaGon within the /4-site and B-site of the Blue River 
pyrochlores; therefore no subsGtuGon trends can be defined. Minor composiGonal variaGon, 
coupled with both low REE contents and /4-site vacancies, deGnes the Blue River pyrochlores as 
primaiy magmaGc pyrochlores, forming as an accessory phase after crystallization of the 
carbonate minerals. The carbonaGte magma may have been enriched in elements such as U, and 
Ta, and progressively depleted dining carbonaGte development.
Comparing the Blue River pyrochlores to the Oka pyrochlores, no similaiiGes are found. 
Ta-nch pyrochlores have not been reported from Oka. Blue River pyrochlores show litGe 
composiGonal variaGon, and very low amounts of REE^\ The highest reported UO2 contents 
Gom Blue River pyrochlores is 9.83 wt. % (Venty deposit), and the mean is 4.28 wt. % (n= 10). 
Oka pyrochlore ranges Gom 0.1 -27.98 UO2 wt. %. Blue River pyrochlores are unaltered, 
primary magmaGc pyrochlores, perhaps crystallizing in situ simultaneously with Ta-columbite 
minerals (Simandl er a/. 2001). Oka pyrochlores display large chemical variaGons and have a 
much more complicated history.
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2.43. Latente carbonatite hosts
(a) Mount Weld carbonatite laterite, Western Australia
Pyrochlore is present as a residual mineral within a laterite overlying and derived Gom a 
carbonatite intrusion (LoGermoser and England, 1988). Pyrochlore has been G»und associated 
with resistant primary minerals including Nb-ilmenite, Nb-rutile, baddeleyite, zircon, and 
magnetite. Lottermoser and England (1988) documented the occurrence and the mineral 
chemistry of pyrochlore Gom different parts of the laterite overlying and derived Gom the Mt. 
Weld carbonaGte. They describe a range of pyrochlores; Gom Gesh, light in colour pyrochlores 
to dark altered pyrochlores. Textures indicaGve of complex leaching and re-precipitaGon 
processes were reported. Voids were idenGGed in the pyrochlore grains as being inGlled with 
crandallite and beudanGte, alurute group minerals. Some grains were shown to be partly- or 
totally- replaced by crandallite group rrunerals, desGoying theG onginal magmaGc texture. 
ComposiGons of the Mt. Weld pyrochlores can be found in Appendix IV.
The analysed pyrochlore grains plots in the pyrochlore subgroup of the Nb-Ta-Ti diagram 
(Ggure 2.19). Further classiGcaGon within the pyrochlore subgroup, indicates cenopyrochlore, 
plumbopyrochlore and sGonGum pyrochlore to be present in the Mt. Weld carbonaGte latente. In 
Ggure 2.20, a ternary diagram with apices Ca-/4-vac-Na, the M t Weld pyrochlores plot in both 
the magmaGc and alteraGon Geld as represented by Nasraoui and Bilal (2000). Large /4-site 
vacancies are the result of leaching of/4-site caGons and associated hydraGon during weathering 
(Lottermoser and England, 1988). B-site deGciencies are reported in Gesh pyrochlore Gom the 
upper part of the latente, and are assumed to be the result Gom the leaching of sGongly-bonded 
Nb Gom the crystal latGce during weathering, with subsequent replacemeiG by Fe^  ̂(LoGermoser
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and England, 1988). This hypothesis is supported by the substandal amounts of Nb found within 
the secondary crandallite group minerals, anatase, and iron oxides, assuming theses minerals 
would be the depository for the Nb.
In Ggure 2.21, a ternary diagram with apices Ti-REE^^-Na, the Mt. Weld pyrochlores plot 
along the Ti-poor section, and show a large range of REE^ .̂ ML Weld pyrochlores show small 
composiGonal variaGons at their B-site (Ggure 2.23), indicaGng limited B-site subsGtuGons 
between Si, Zr or Ti. In Ggure 2.24, a bivariate diagram presenGng composiGonal variaGons at 
the /4-site of pyrochlore-group minerals, the Mt. Weld pyrochlores show a negaGve correlaGon 
between (REE+U+/4-vac) and (Na+Ca). This shows a subsGtuGon within the /4-site involving 
the leaching of Na+Ca and subsequent replacement by REE (U is not a factor in the subsGtuGon 
as this element was not present at detectable levels by EMP in the Mt. Weld pyrochlores), and 
resulGng in /4-site vacancies.
LoGermoser and England (1988), conclude that at Mt. Weld, leaching of the .4-site ions, 
Na and Ca, Gom the pyrochlore crystal structure dunng weathering led to vacancies in the latGce 
which were subsequenGy Glled by mobilized Sr and Ce. Furthermore, they claim the leaching of 
sGongly bonded B-site Nb occurred and the vacant B-sites became occupied by Fe^ .̂ They 
suggest that there is mobility of Nb in humid weathering environments, even though Nb is 
generally considered to be immobile in geological processes.
Both the Oka pyrochlores and the Mt. Weld pyrochlores are found as both primary 
magmaGc and altered types (Ggures 2.9 and 2.20, respecGvely). However, pyrochlores idenGGed 
within a latente host should be expected to have expenenced varying degrees of alteraGon. The 
pyrochlores Gom Oka were hosted by a calciocarbonaGte. The Mt. Weld pyrochlores exhibited a 
large variaGon in the amount of REE^\ and this has been correlated with different zones in the
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latentes (higher degree of alteraGon, higher amounts of REE). At Oka, the pyrochlores less 
commonly exhibited a large variaGon in the REE^\ however no correlaGon is present between 
the surrounding host rock of the pyrochlores and the amount ofREE they contain There is a B- 
site subsGtuGon present in the Oka pyrochlores between Zr and (Nb+Ti) (Ggure 2.12). 
LoGermoser and England (1988) present a B-site subsGtuGon between Fe^  ̂and Nb, and a B-site 
vacancy resulting Gom the leaching of strongly-bonded Nb? However, the B-site vacancies 
reported could be Glled with Si, present as a B-site caGon (Si was not analysed in their study).
Si has generally been considered a contaminant present as minute inclusions of silicate. 
Lottermoser and England (1988) provide no evidence supporting the leaching of Nb Gom the B- 
site.
Mt Weld pyrochlores show charactensGcs direcGy related to the carbonaGte weathering 
process. Leaching, re-precipitaGon processes, associated GacGonaGon and differential mobility 
of the individual elements have produced large variaGons in the pyrochlore composiGon. Oka 
pyrochlores have large vanaGons in theG mineral chemistry, however the pyrochlores are NOT 
associated with latentes or weathering processes.
2.4.4. Calciocarbonatite hosts
(a) Prairie Lake carbonatite complex, Northwestern Ontario, Canada 
Hammond (1999) reported pyrochlore Gom the PraGie Lake carbonaGte as varying in 
size and habit Gom anhedral irregular to elongate, subhedral or euhedral grains. Pyrochlore 
grains were reported to be Gactured and commonly found in clusters. Associated minerals 
include GtanomagneGte, loparite, ilmenite, calcite, apaGte, bioGte and senciGzed feldspar. 
Analyses of the Praine Lake pyrochlores can be found in Appendix IV. Pyrochlore from Praine 
Lake is enriched in U, Sr, and Si and Na and Ta poor. The dominant pyrochlore species is
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betaGte, with uranpyrochlore present as well. For the purposes of comparison, the 
uranpyrochlores were selected Gom these data and used G)r the current study.
In Ggure 2.19, the Prairie Lake uranpyrochlores plot in the pyrochlore subgroup, 
extending towards the betaGte comer. The uranpyrochlores are thereG)re h i ^ y  enriched in Ti. 
Most of the data G)r the uranpyrochlores plot in the magmaGc Geld, with some data points 
extending towards the alteraGon Geld represented by Nasraoui and Bilal (2000) (Ggure 2.20). 
Figure 2.21, a ternary diagram with apices Ti-REE^^-Na, shows some of the Praine Lake 
pyrochlores plotting within the Oka pyrochlore composiGonal Geld. Pyrochlore composiGons 
Gom Praine Lake that do not plot in the Geld are emiched in Ti (Ggure 2.21). Praine Lake 
uranpyrochlores have elevated concentraGons of U, and varying amounts of /4-site vacancies 
(Ggure 2.22). A bivariate plot of (Nb) vs. (Si+Zr+Ti) shows a negaGve correlaGon for the Praine 
Lake pyrochlores (Ggure 2.23). This could represent a subsGtuGon within the B-site between Ti 
and Nb. Hammond (1999) has determined that small amounts of Si are present within the B-site 
and might subsGtute for Nb in the B-site. Figure 2.25 is a bivanate plot of (Nb+Ti) vs. Si, 
showing a very good strong negaGve correlaGon between these elements, suggesting that Si does 
in fact subsGtute for Nb and Ti in the B-site of the Praine Lake pyrochlore -group minerals.
Only small amounts of ZrO^ were detected in the Praine Lake pyrochlores, and Zr is therefore 
assumed not to be involved in a B-site subsGtuGon with Nb+Ti. A bivanate plot of (Na+Ca) vs. 
(REE+U+/4-vac) represents composiGonal vanaGons at the /4-site of the Praine Lake pyrochlore- 
group minerals (Ggure 2.24). This bivanate plot shows a negaGve correlaGon, suggesGng 
possible /4-site subsGtuGons. Hammond (1999) reports that Ca contents are generally high, while 
Na is depleted in the /4-site.
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Figure 2.25. Bivariate plot of Si vs. (Nb+Ti) (a p.f.u.) for pyrochlore-group minerals &om 
the Prairie Lake carbonatite complex.
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Hammond (1999) concludes that Praine Lake pyrochlores are U-rich with moderate Si 
and Sr contents. Ta is uncommon in the pyrochlores. The Prairie Lake pyrochlores are therefore 
classified as uranpyrochlore and betafite. Hammond (1999) suggests that compositions of 
Prairie Lake pyrochlores indicate that after crystallization they have probably undergone some 
alteration by late-stage magmatic fluids.
Comparing the Prairie Lake uranpyrochlores to Oka uranpyrochlores, there are many 
similarities. Both pyrochlores have U and Th contents that tend to remain relatively constant 
(figure 2.22), and both have significantly high UOz concentrations for pyrochlores 6om 
calciocarbonatites. Both have a wide range ofy4-site vacancies (figure 2.20). However, Oka 
pyrochlores tend to have higher amounts of REE^^ elements in their -site. B-site cations in both 
correlates fairly closely, both have low Fe and Al, and high Nb. However, Oka uranpyrochlores 
have higher amounts of Zr and lower amounts of Ti in their B-site. Ta is uncommon in 
pyrochlores from Prairie Lake and Oka. The Oka carbonatite complex does not have 
pyrochlores that belong to the betafite sub-group.
(b) Bingo carbonatite complex, Zaire
Williams er a/. (1997) described the extensive compositional variation in pyrochlore from 
the Bingo Carbonatite, Zaire. Pyrochlores are reported to occur in the calciocarbonatite and 
surrounding laterite, and are generally discrete; euhedral grains typically 20-40 pm in diameter. 
Patchy alteration is common among the altered pyrochlore. Primaiy oscillatory magmatic 
zonation, with a complex interpenetrative twinning in samples of pyrochlore has also been 
observed. Williams er a/.(l 997) report a large compositional variation observed in the Bingo 
pyrochlore, ranging from completely Hlled ̂ -sites to 64 % vacant. The laterite pyrochlore at 
Bingo has been reported to have up to 87% y4-site vacancy. Using both the textural and
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compositional variation, the pyrochlore horn the calciocarbonatite at Bingo was classified into 
Hve groups: 1) oscillatory-zoned pyrochlore, 2) pyrochlore with low Sr contents, 3) pyrochlore 
with "medium" Ba contents, 4) pyrochlore with "high" Ba contents, and 5) bariopyrochlore. 
Analysis of the Bingo pyrochlore-group minerals can be found in Appendix IV.
Bingo pyrochlore compositions plot in the Nb comer of the ternary diagram, therefore 
belonging to the pyrochlore subgroup defined by Hogarth (1989) (figure 2.19). Three pyrochlore 
compositions described as "primary magmatic oscillatory zoned" by Williams er a/. (1997), plot 
in the magmatic field represented by Nasraoui and Bilal (2000) (figure 2.20). Other pyrochlore 
compositions from Bingo, described as "patchy zoned", plot in the alteration field (figure 2.20). 
Pyrochlore compositions from Bingo show a large compositional field on the ternary diagram Ti- 
REE-Na (figure 2.21). Bingo pyrochlores have low amounts ofU+Th, and a large range o f^- 
site vacancies (figure 2.22). A negative correlation at the B-site is found with Bingo pyrochlore- 
group minerals (figure 2.23). This indicates that there is a B-site substitution between 
(Si+Zr+Ti) and (Nb) (all of which are present at detectable levels). Since there are elevated 
amounts of Si in the Bingo pyrochlore, it has been suggested that it is involved in the B-site 
substitution with Nb+Ti. Figure 2.26 is a bivariate plot of Si vs. (Nb+Ti) showing a strong 
negative correlation, suggesting that Si is involved in a B-site substitution with (NbfTi). A 
negative correlation is also found at the v4-site of Bingo pyrochlore-group minerals (figure 2.24), 
indicating an ,4-site substitution involving the leaching of Na+Ca, and subsequent replacement 
with REE, resulting in an /4-site vacancy.
Williams er a/. (1997), conclude that the oscillatory-zoned pyrochlore from Bingo 
follows a "compositional" trend similar to the "transitional" trend of Lumpkin and Ewing (1995), 
which is considered to be post-magmatic. In addition, the patchily-altered pyrochlore &om
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Figure 2.26. Bivariate plot of Si vs. (Nb+Ti) (a.p.f u.) for the pyrochlore-group minerals 
&om the Bingo calciocarbonatite.
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Bingo follows the "altered" trend described by Lumpkin and Ewing (1995). The pyrochlore 
paragenesis at Bingo has not been completely described.
Oka and Bingo pyrochlore-group minerals both belong to a calciocarbonatite host, and 
have extremely large compositional variation and vacancies within the v4-site. However, the 
altered pyrochlore from Bingo is rich in Ba and Si, whereas the altered pyrochlore &om Oka is 
rich in Th, Ce and U. Oka and Bingo both have multiple sub-groups of pyrochlores, and 
complicated textures and alteration features. The pyrochlores from both complexes have 
complicated histories involving multiple magma batches, magma differentiation and secondary 
alteration processes.
(c) Qaqarssuk carbonatite complex. West Greenland
Knudsen (1989) reports the occurrence of pyrochlore-group minerals from the Qaqarssuk 
calciocarbonatite complex. Pyrochlore-group minerals are located in the late-carbonatite phase 
of the complex, found in close association with apatite, magnetite and zircon. The main intrusive 
phase of the carbonatite is devoid of pyrochlore-group minerals, however, the late-stage 
carbonatite contains pyrochlore -group minerals, which Knudsen (1989) interprets as aNb and 
Ta enrichment in the residual fluids.
The most common pyrochlore at Qaqarssuk has a composition close to the end member 
NaCaNbzOe (O, OH, F). Other pyrochlore-group minerals identified are bariopyrochlore, 
uranpyrochlore, betafite, and a Ba-betafite. Analyses of the pyrochlore-group minerals from 
Qaqarssuk carbonatite complex can be found in Appendix IV. Knudsen (1989) describes zoning 
defined by varying amounts of inclusions, as well as zoning defined by alternating opaque and 
pale brown transparent pyrochlore. Varying degrees of alteration have been reported. Figure 
2.20 shows the Qaqarssuk pyrochlore-group minerals plotting in both the magmatic and
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alteration Eeld represented by Nasraoui and Bilal (2000). Figure 2.21 shows the wide 
compositional variation within the Qaqarssuk pyrochlores, with the Na-Ca end member plotting 
in the Na comer, betafite end members plotting in the Ti comer, and the U- and -Ta rich 
pyrochlores plotting towards the REE comer. Knudsen (1989) reports a vanation in the amount 
of Ta and Ti substituting for Nb in the B-site in pyrochlore; as well as U, Th, Ba and lanthanides 
substituting for Na and Ca in the .4-position. Furthermore, Knudsen (1989) reports that the late 
stage so vite and ferrocarbonatite pyrochlore-group minerals have a compositional zonation with 
respect to the yf-cations and B-cations. The Ta and Ti concentrations decrease in the rim, parallel 
to the evolution in the concentrations of elements such as U, Th, Ba and lanthanides in the v4- 
position Negative correlations for the substitutions in both the B-andv4-sites of the pyrochlore- 
group minerals are shown in figures 2.23 & 2.24, respectively.
Knudsen (1989) concludes that the precipitation of pyrochlore took place in the late-stage 
carbonatite. Pyrochlore has precipitated simultaneously with apatite, and this is shown by a 
rapid decrease in the concentration of the complexing ligands responsible for keeping the 
elements Nb, Ta, U, Th, and lanthanides in solution. The most abundant pyrochlore in the 
carbonatite has a composition close to NaCaNb206(0H,F). The contents of Ta and Ti in the 
pyrochlore can be correlated with the contents of tri- and tetravalent ions in the .4-position.
In comparison to the Oka pyrochlore-group minerals, some similarities are seen Both 
carbonatites are hosts to a large compositional variation of pyrochlore-group minerals. Various 
degrees of zoning and alterations are observed at both locations. and B-site substitutions are 
present in both, however, Zr is present as a B-site substituting element in the pyrochlore-group 
minerals &om Oka. The contents of Ta and Ti do correlate with the contents of tri- and 
tetravalent ions in the -position of the uranpyrochlore and uranoan pyrochlore-group minerals
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from Oka however, no other pyrochlore subgroup displays this correlation. Oka pyrochlore- 
group minerals have been identiGed in many sections of the carbonatite, and therefore are not 
unique to any particular host rock, making it extremely difBcult to determine factors that would 
have controlled the crystallization of the pyrochlores.
(d) Fen carbonatite complex, Norway
The Fen carbonatite complex is located in Telemark, SE Norway. Hogarth er a/. (2000) 
present a compositional study of primary zoning in pyrochlore-group minerals from nine 
carbonatites, including the Fen complex. Analyses for pyrochlore-group minerals &om Fen are 
included in Appendix FV. Hogarth g/ a/. (2000) classified the pyrochlore-group minerals 
according to their .4-site cations, determining Fen to be host to uranoan pyrochlore, 
uranpyrochlore, and nearly stoichiometric pyrochlore. Uranoan pyrochlore has been analysed in 
the core of crystals, with uranpyrochlore occurring around the rim of the crystals. Nearly 
stoichiometric pyrochlore is observed as having sharp zones across the entire crystal, with slight 
emichment of Ce, while other specimens of nearly stoichiometric pyrochlore were devoid of any 
detectable zoning. Uranpyrochlore exhibits oscillatory zonadon with highly altered crystal rims.
Figure 2.20 shows Fen pyrochlores plotting in the magmatic field represented by 
Nasraoui and Bilal (2000), with the exception of the highly altered uranpyrochlore rims which 
plot in the alteration field. The pyrochlore-group minerals &om Fen have large compositional 
variation, and all plot in the Oka pyrochlore compositional field (figure 2.21). Fen uranoan and 
uranpyrochlores have enrichment in U, and have U+Th conterrts very similar to Oka uranoan and 
uranpyrochlores (figure 2.22). A negative correlation is present in figure 2.23, a diagram 
representing the chemical variations at the B-site of pyrochlore-group minerals. This is probably 
due to a substitution of Ti for Nb in the B-site, as very minor amounts of Si and Zr were analysed
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(SiOz wt. % ranging from <0.5 to 0.56; ZrOz wt. % <0.1 to 3.24). A negative correlation is also 
present in figure 2.24, a diagram representing the compositional variations at the .4-site of 
pyrochlore-group minerals. REE, U, and /4-site vacancy all could have been involved in 
substitutions with Na and Ca, as all are present in the /4-site of the pyrochlores brom Fen.
In comparison, the zoning in Oka pyrochlores is not nearly so straightforward. 
Oscillatory-zoned pyrochlores &om Oka do not show consistent zoning patterns. Grains are 
more likely to be zoned to higher UOz contents from the core to the rim, however the opposite 
does occur, resulting in higher UOz contents in the rim. In addition, in many cases fairly 
constant UOz content occurs across the crystal. This is not only the case with the uranoan and 
uranpyrochlores of the complex, but also with cerium, cerio-, thor-, and thorium pyrochlore 
group minerals from Oka. Oka pyrochlores tend to be intensively altered and ûactured. It is not 
uncommon to find an euhedral, zoned pyrochlore next to an altered and 6actured anhedral 
pyrochlore, either of the same sub-group or different pyrochlore sub-group.
(e) Luesbe carbonatite complex, Democratic Republic of Congo.
The Lueshe syenite-carbonatite complex is located in the Rwindi Mountains in the 
northeastern part of the Democratic Republic of Congo. Nasraoui and Bilal (2000) have 
completed a study of the magmatic pyrochlores from the complex. Nasraoui and Bilal (2000), 
describe euhedral, discrete grains (0.1-2 mm in diameter) that may contain inclusions of calcite, 
dolomite and apatite. The modal percentage of pyrochlore varies considerable not only in the 
different rocks of the complex but also within the same rock type. Nasraoui and Bilal (2000), 
describe the occurrence of kali-, bario-, strontio-, and ceriopyrochlore that have been the direct 
result of supergene alteration, involving the complete leaching of Na and Ca. Magmatic, 
hydrothermal and weathered pyrochlore grains are reported from calciocarbonatite, pyroxenite.
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syenite and laterite in the complex. Electron microprobe analyses from Lueshe pyrochlore-group 
minerals can be found in Appendix IV.
Magmatic pyrochlores from Lueshe have limited chemical variations in terms of Ta, Ti, 
Si, and REE contents (Nasraoui and Bilal, 2000). In figure 2.20, magmatic pyrochlores from 
Lueshe plot in the magmatic field, with low /4-site vacancy. Hydrothermally altered pyrochlores 
plot in the alteration field in figure 2.20. Nasraoui and Bilal (2000), describe the hydrothermally 
altered pyrochlores as having undergone the leaching of elements from all three sites (/4-site, 7- 
site, and ̂ site ) due to substitution reactions. This pyrochlore group exhibits extremely large /4- 
site vacancies. Supergene pyrochlores from Lueshe plot in the alteration Geld in figure 2.20.
This group of pyrochlores is enriched in the LREE, Sr and Ba. Na-poor pyrochlore has also been 
identified, and is considered to be of intermediate variety corresponding to an alteration stage 
between hydrothermal and weathered pyrochlores.
Nasraoui and Bilal (2000) have interpreted the pyrochlore-group minerals at Lueshe to 
represent the stages of different alteration conditions that have occurred during and after 
carbonatite emplacement. They have defined trends of alteration by correlating larger scale 
events to pyrochlore textures and compositional variation. They conclude that pyrochlore-group 
minerals at Lueshe represent chemico-mineralogical transformations, and can be used to define 
different alteration conditions that may have occurred over time.
Considering the large variation of both composition and alteration that occurs in the Oka 
pyrochlores, and the complex history of carbonatite emplacement and crystallization, the 
conclusions of Nasraoui and Bilal (2000) may be of particular significance. No doubt Oka 
pyrochlores represent geochemical markers of different conditions, exhibiting various degrees of 
alteration and zoning, however, trends that are defined by Nasraoui and Bilal (2000) are not
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shown with the Oka pyrochlores. Other factors may be involved which cause further "chemico- 
mineralogical" transformations, such as magma mixing. Evidence for this is found in Oka, with 
two different pyrochlores being found together in a small area. This will be further discussed 
below. One aspect that can be ruled out is hydrothermal and supergene alteration trends. 
Nasraoui and Bilal (2000), describe supergene pyrochlores as pyrochlores with nearly 100% vi­
site vacancy, due to the complete leaching of Na+Ca. This is not a factor at Oka, all pyrochlore- 
group minerals are devoid of these characteristics, and the carbonatite itself has not undergone 
"alteration" of any kind.
(f) SokI: carbonatite complex, Northern Finland
Calcite-rich carbonate rocks are dominant at the Sokli carbonatite complex in Northern 
Finland. Pyrochlore-group minerals are present in all the main types of carbonatite, and 
conunonly contain magnetite inclusion (Lindqvist er a/., 1979). Euhedral pyrochlores are 
reported to vary in size from 0.15 mm to as large as 5 mm. Zoning is reported in the pyrochlore 
grains, however there are no significant differences in the distribution of the main components. 
Pyrochlore and uranpyrochlore are the two types of pyrochlore end members identified at Sokli 
(Lindqvist er a/., 1979). Uranpyrochlore is believed to be the product of extensive weathering 
within the carbonatite complex. The pyrochlore-group minerals were found to contain a notable 
amount of tantalum. The NbzOs/TazO; ratio for pyrochlores is between 4.9 and 177.9. The low 
NbzOs/TazOs ratio is interpreted to indicate that pyrochlore was crystallized in a relatively 
undifferentiated magma (Lindqvist er a/., 1979).
Sokli pyrochlore-group minerals plot in the Nb-comer of the Nb-Ta-Ti ternary diagram in 
figure 2.19. This indicates that the pyrochlores belong to the pyrochlore sub-group. In figure 
2.20, the Sokli pyrochlores plot in the magmatic field represented by Nasraoui and Bilal (2000),
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which agrees with the results &om Lindqvist er a/. (1979). Figure 2.22 shows the elevated 
concentrations of U+Th in the Sokli uranpyrochlores, very similar to Oka pyrochlores (figure
2.4). Sokli pyrochlores occur in weathering environments, and are interpreted to be derived &om 
a relatively undifferentiated magma. Neither of these conditions occurs at Oka, and comparison 
between the pyrochlores is not useful.
2.S. Discussion
NIOC AN and Bond Zone pyrochlores have /4-sites commonly occupied by Ca, Na,
REEs, Th, and U; and rarely by Mn, Sr, and Ba. B-sites are commonly occupied by Nb, Ti, Fe, 
and Zr; and less commonly by A1 and Si. All NIOC AN and Bond Zone pyrochlores belong to 
the pyrochlore-subgroup. The pyrochlores exhibit primary zonation, low temperature alteration, 
and metamictization Many pyrochlores exhibit complex compositional zonation, whereas others 
are devoid of zoning. Therefore, changes in the fluid composition during the growth of the 
pyrochlores must have occurred. The NIOC AN and Bond Zone pyrochlores show extremely 
large compositional variations; and represent the largest recorded variations of any pyrochlores 
hosted by calciocarbonatites.
Ce is the dominant REE present in pyrochlore at Oka. High concentrations of Zr have 
been found in the NIOC AN and Bond Zone pyrochlores, and Zr minerals are found associated 
with these pyrochlores. Therefore, Zr is not fixed in specific minerals, it is found in many 
minerals at Oka, and may have been very mobile in the fluid system. All pyrochlores from Oka 
are Ta-poor.
/4-site substitutions of U, Ce, and Th with Na and Ca occurred. No particular substitution 
is dominant, and any combination of substitutions may have occurred. When comparing
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
73
compositional information and textural information between the NIOC AN and Bond Zone 
pyrochlores, no trends are identified.
Cerium pyrochlores are the most common of the pyrochlore-group minerals found at the 
NIOC AN and Bond Zone deposits. Exhibiting primary zonation and low temperature alteration, 
they plot in the magmatic field represented by Nasraoui and Bilal (2000). Analyses of the 
cerium pyrochlores show low Zr concentrations.
Uranoan pyrochlores are the second most common pyrochlore group mineral occurring in 
the NIOC AN and Bond Zone deposits. Although the uranoan pyrochlores are considered to be 
the most extensively altered, they are found to plot only in the magmatic field as defined by 
Nasraoui and Bilal (2000). Uranoan pyrochlores exhibit metamictization features. A B-site 
substitution with Zr is present.
Uranpyrochlores are extensively altered and plot in the magmatic and alteration Geld 
defined by Nasraoui and Bilal (2000). Uranpyrochlores exhibit metamictization features. Some 
uranpyrochlores are mantled, indicating recrystallization of pyrochlore.
Ceriopyrochlores are not abundant in the NIOCAN and Bond Zone deposits. They are 
most commonly found as large, discrete euhedral- to -subhedral minerals. Analyses of the 
ceriopyrochlores show moderate Zr concentrations.
Thorium pyrochlores are rare in the NIOCAN and Bond Zone deposits. Generally 
smaller grains have low /4-site vacancies that correspond to the low degree of alteration. There is 
insigniGcant intra- and intergrain composiGonal variaGon.
Thorpyrochlores are also rare in the NIOCAN and Bond Zone deposits, and commonly 
exhibit patchy zonaGon. Thorpyrochlores plot in the magmaGc Geld deGned by Nasraoui and 
Bilal (2000). Thonum nch pyrochlores are not charactensGc of carbonatites and have only been
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encountered in a few localiGes; Vuorijarvi, Kola and Guli, Siberia. (Chakhmouradian and 
Mitchell, 1998).
St. Lawrence Columbium pyrochlores have low 4-site vacancies corresponding to their 
low degree of alteradon. They have a low modal abundance in the deposit. They have low Zr, 
and do not have a B-site substitution SLC pyrochlores exhibit minor composiGonal vanaGons. 
EvoluGonaiy trends have been idenGGed between the SLC pyrochlore-group minerals and the 
NIOCAN and Bond Zone pyrochlore-group minerals. The Grst evoluGonary trend is an increase 
in Ti from the SLC pyrochlores to the NIOCAN and Bond Zone pyrochlores. This is a trend 
towards a betaGte subgroup of pyrochlore-group nunerals. The second evoluGonary trend 
involves an increase in REEs Gom SLC to NIOCAN and Bond Zone pyrochlores.
The pyrochlore-group minerals are interesting because of the range of composiGons 
within a single secGon. Two or more composiGonal and textural vaneGes of pyrochlores are 
found in very close proximity to each other, implying that they could not have crystallized in 
situ. These pyrochlore-group minerals probably crystallized in another area of the carbonaGte, 
possibly denved Gom a different batch of magma intruding the complex, and were later 
transported to their Gnal locaGon.
The wide vanety of pyrochlore-group minerals that have been idenGGed throughout the 
Oka carbonaGte complex infer that the carbonaGte complex formed Gom several batches of 
carbonaGte magma. Each batch, slighGy different in composiGon probably intruded the 
complex one after another, allowing for pauses in evoluGon, possibly mixing with another and 
changing the crystallochemical condiGons each Gme. The pauses in the evoluGon of the Oka 
carbonaGte are reGected by composiGon and physical variaGons. The SLC pyrochlores appear to 
be Gom an undifferenGated magma, nch in Ce and U. EvoluGonary trends prove them to be
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primary magmaGc defect pyrochlores. NIOCAN and Bond Zone pyrochlores may be products of 
a more evolved magma, due to the changes caused by new batches of magma intruding into the 
complex. They have undergone signiGcant changes, probably crystallizing far from their final 
deposiGon site. Each stage of differenGaGon causing an enrichment in one or more element 
would crystallize a different pyrochlore-group mineral. NIOCAN and Bond Zone pyrochlores 
have undergone the leaching of /4-site caGons such as Na and Ca, with subsequent replacement 
with Ce, U, and Th. Observed textures in the pyrochlores clearly support this hypothesis. 
TransportaGon of the pyrochlores would subject them to changes in pressure and temperature 
and diSerent elemental composiGons, therefore causing fracturing, mantling, metamicGzaGon, 
bleached zones and recrystallizaGon.
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Chapter 3: Mineralogy and composition of Perovskite-erouo minerals
3.1. Perovskite
3.1.1. Introduction
Perovskites are one of the most important mineral hosts for the rare earth 
elements (REE) and all natural perovskites contain these elements in concentrabons ranging 
Gom trace through minor to m^or elements amounts (Mitchell, 1996). On the basis of the 
structures of natural and synthetic perovskites, Mitchell (1996,2002) presented a revised 
classiGcation of perovskite group minerals in addidon to descnbing the extensive composiGonal 
vanaGon of naturally-occurring REE-beanng perovskites. Perovskites have the general 
structural formula A8 %3, where yf and B are caGons and % represents anions. Structural 
distorGons are easily tolerated in the Gamework of the perovskite structure, and as a result, a 
wide vanety of caGons may occupy the /f and B sites. In natural perovskites, 4 -site caGons 
include N a\ Sr^\ rare earth elements (REE)^\ Pb^\ Th'*\ and Ba"\ while B-site
caGons include Ti% Nb^% Fe^\ Ta^ and Zr'̂  ̂(Mitchell, 2002). Complex mulG-component solid 
solutions between many end-members of natural perovskite occur (Mitchell, 2002). Table 3 .1 
lists end-member composiGons of natural perovskites.
3.1.2. Nomenclature of perovskite-group minerals
Perovskite-group minerals are named on the basis of the "50 % rule" for dominant end- 
member molecules. Mitchell (2002) recommended that preGxes be added to the basic name to 
reGect the dominant caGons present in the ternary solid soluGons, permitGng descnpGons of the 
composiGonal vanaGons found within parGcular perovskite solid soluGons. PreGxes are assigned 
in order of decreasing abundance of elements. Perovskites which contain more than 90 mol. % 
of a particular end-member are considered to be "pure" end member compounds (Mitchell,
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Table 3.1. End-member perovskite composiGons Mitchell. 1996)
ComposiGon Name Type Locality Reference
CaTiO] Perovskite Ural Mtns, Russia Rose (1839)
(Nao.5Ceo.5)Ti03 Lopante Khibina, Kola, Russia Kuznetsov (1925)
NaNbOs Lueshite Lueshe, Zaire SaGaninkoff (1959)
Ca(Feo.;Nbo5)03 Latrappite Oka, Quebec Nickel (1964)
PbTi03 Macedonite Cmi Kaman, Radusinovid and
Macedonia Markov (1971)
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1996). The majority of perovskite composiGons can be expressed in terms of the molecular 
percentages of seven end-members (table 3.1) (Mitchell, 2002).
Perovskite, lueshite, loparite and tausonite are used as informal names for end-member 
compounds and correspond to IMA-approved mineral names. The other compounds listed are 
well known as syntheGc matenals, which are not given mineral names. The total iron content of 
perovskites is usually expressed as Fe^\ as Môssbauer studies of natural perovskites have shown 
this to be the only species present (Mitchell, 2002).
3 .U . Paragenesis of perovskite
Perovskites are a common accessory mineral in a wide vanety of undersaturated alkaline 
rocks and carbonatites (Nickel and McAdam, 1963; Vlasov, 1966; Kapustin, 1980; Haggerty and 
Mariano, 1983; Mitchell, 1986; Ulrych e/ a/. 1988; McCallum, 1989; Mitchell and Bergman, 
1991; Mitchell and Vladykin, 1993; Mitchell, 1996). Occurnng as discrete crystals, perovskites 
are commonly intergrown with other oxide minerals. Therefore, perovskites form manGes on 
oxide minerals and may also be manded by oxide minerals (Mitchell, 1996).
Mitchell (1996) descnbes the paragenesis of perovskites in alkaline rocks as:
1. Single phase, early crystallizing discrete euhedral-to-subhedral crystals. In kimberlites, 
olivine lamproites, meliliGtes and alnôites they are found as weakly-zoned crystals which are 
poor in REE. In perovskite pyroxeiGtes, ultrapotassic syenites and carbonaGtes they are 
found commonly as strongly-zoned crystals which may be REE-nch.
2. Discrete, early-forming euhedral-to-subhedral REE- and Nb-poor crystals with subhedral 
overgrowths of a second generaGon of REE and Na-nch perovskite.
3. PoikioliGc late-stage groundmass plates, found only in some lamproites and orangeites.
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
79
3.1.4. Perovskite in alkaline rocks
Mitchell (1996), describes perovskite compositional variaGon with reference to three 
ternary systems and one quaternary system, and shows that perovskites in alkaline rocks fall into 
four composiGonal groups:
1. Nb-poor, Ca-, Sr- and REE-nch perovskites which represent solid soluGons between 
perovskite, loparite, and tausoiGte.
2. Sr-poor, Nb-, Ca- and REE-nch perovskites which represent solid soluGons between 
perovskite, loparite and lueshite.
3. Ca-poor, Na-, REE-, Nb- and Sr-nch perovskites which represent solid soluGons between 
lueshite, lopante and tausonite.
4. Sr-poor, Na-, Ca- and Nb- nch perovskites which represent solid soluGons between lueshite, 
latrappite, perovskite and the layered perovskite CazNbzO?.
3.2. Previous work on perovskites from the Oka carbonaGte complex
Studies on perovskite Gom the Oka CarbonaGte Complex have been completed by Nickel 
and McAdam (1963); Nickel (1964); Chakhmouradian (1997); Mitchell (1996); and Mitchell er 
a/. (1998). Nickel and McAdam (1963) descnbed a new niobium-beanng vanety of perovskite 
Gom Oka. The nomenclature of luobium-bearing perovskites was inadequate in the older 
literature. Previously, luobium-beanng perovskite was termed knopite, niobolopante, or 
dysanalyte. Nickel and McAdam (1963) abandoned the terms knopite and dysanalyte on the 
grounds that these minerals were members of the lopante-perovskite solid-soluGon senes. 
Mitchell gr a/. (1996) showed niobolopante to be niobian calcian lopante and/or rnobium 
lopante, therefore discrediGng this term. CurrenGy, the correct terminology for the niobium-nch 
vanety of perovskite is niobium perovskite.
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Nickel (1964) named the niobium-rich perovskite occurring at Oka, latrappite, due to the 
Nb content being greater than the Ti content. The International Mineralogical Associahon (IMA) 
accepted the name latrappite on this basis as an approved name for the mineral species. There are 
only two known occurrences of Ca-Nb-rich perovskite-group mineral; the Oka carbonatite 
complex and the Kaiserstuhl alkaline complex (Mitchell, 1998). However, Nickel (1964) did not 
deGne a disGnct composiGonal end-member represenGng the latrappite component of the 
complex solid soluGon. Mitchell ez of. (1998) presented composiGonal data for latrappite and 
other niobium-nch perovskite group minerals Gom the Oka (Bond Zone deposit and okaite), 
Kaiserstuhl and Magnet Cove carbonaGte complexes (table 3.2). Mitchell et of. (1998) consider 
latrappite to be a member of a continuous solid-soluGon involving CaTi0 3 , NaNb0 3 , 
CazNbFe^^Oe and CazNbzO?, and on the basis of ̂ ^Fe Môssbauer specGometry, only fenic non is 
present
3 J  Oka Perovskite: NIOCAN and Bond Zone deposit
Perovskite typically occurs as small euhedral- to -subhedral crystals, which exhibit 
patchy and slight compositional oscillatory zonation. NIOCAN and Bond Zone perovskites are 
commonly Gactured and contain inclusions of calcite and magneGte (Ggures 3.1 and 3.2). Some 
perovskite grains are found occurnng ac^acent to anhedral pyrochlore grains (Ggure 2.1 (d)).
The modal percentage of perovskite in the carbonaGte ranges Gom 0.5 -  2 vol. %.
The NIOCAN and BZ perovskite have been classiGed according to the recommendaGons 
of Mitchell (1996). Appendix II includes 100 perovskite composiGons Gom the NIOCAN and 
Bond Zone deposit. All data are expressed in terms of molecular percentages of end-member 
components. FiGeen are "pure" perovskite, or perovskite CaTi0 3 -fgww and latrappite
was found in very minor amounts in both deposits, whereas the m^onty of composiGons are of
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Table 3.2. Representative compositions of Latrappite from the Bond Zone deposit at Oka
Wt. % 1 2 3 4 5 6 7 8 9 10
NbgO; 47.60 46.44 47.61 47.91 40.53 39.12 35.23 49.7 47.9 43.90
TagOg 0.24 0.32 n.d. n.d. n.d. n.d. 0.11 n.d. n.d. n.d.
TiOg 9.73 8.94 10.39 8.89 11.71 13.96 17.51 9.8 9.3 10.05
ThOg n.d. n.d. 0.04 0.07 n.d. n.d. n.d. n.d. 0.1 n.d.
FegOg 6.16 8.39 6.26 6.89 9.91 9.77 10.09 5.8 5.9 9.71
LagOg 0.52 0.53 0.49 0.45 0.70 0.77 1.11 0.3 1.1 -
CegOg 1.04 1.25 1.10 0.98 1.66 1.76 2.36 0.7 1.5 2.03
PriO, 0.Q6 0.11 0.08 0.05 0.10 0.22 0.24 0.5 0.8 -
NdgOg 0.27 0.29 0.26 0.26 0.36 0.48 0.71 0.6 0.4 -
MnO 0.41 0.32 0.30 0.34 0.27 0.24 0.26 0.3 0.5 0.77
MgO 2.16 1.67 1.80 1.89 1.54 1.15 0.88 2.1 2.2 2.20
CaO 26.65 27.06 25.24 26.97 29.82 28.25 28.29 24.3 24.2 25.95
SrO 0.17 0.11 0.18 0.22 0.19 0.19 0.24 0.2 0.3 n.d.
NagO 3.94 3.85 4.79 3.96 2.33 3.09 2.90 4.9 4.3 4.03
Total 98.95 99.28 98.54 98.88 99.12 99.00 99.93 100.1 99.3 98.64
Structural Formulae based on 3 atoms of oxygen
Nb 0.573 0.560 0.575 0.574 0.486 0.468 0.420 0.597 0.588 0.529
Ta 0.003 0.002 - - - - - - - -
Ti 0.195 0.179 0.209 0.177 0.234 0.278 0.347 0.194 0.190 0.202
Fe 0.123 0.169 0.126 0.153 0.198 0.195 0.180 0.116 0.114 0.194
Mn 0.009 0.007 0.007 0.008 0.006 0.005 0.006 0.007 0.011 0.017
Mg 0.086 0.066 0.072 0.075 0.061 0.045 0.035 0.083 0.089 0.088
ZB 0.989 0.983 0.989 0.987 0.985 0.991 0.988 0.997 0.992 1.030
La 0.005 0.005 0.005 0.004 0.007 0.007 0.011 0.003 0.011
Ce 0.010 0.012 0.011 0.009 0.016 0.018 0.023 0.007 0.015 0.020
Pr 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.004 0.008 -
Nd 0.003 0.003 0.003 0.003 0.003 0.005 0.007 0.006 0.004 -
Ca 0.760 0.774 0.722 0.766 0.848 0.801 0.800 0.693 0.704 0.742
Sr 0.003 0.002 0.003 0.003 0.003 0.003 0.004 0.003 0.005 -
Na 0.203 0.199 0.248 0.204 0.120 0.159 0.148 0.253 0.226 0.208
ZA 0.985 0.996 0.993 0.990 0.998 0.995 0.995 0.969 0.973 0.970
Mol. % end-members
SrTiOg 0.25 0.16 0.26 0.32 0.27 0.27 0.34 0.29 0.45 -
LOP 3.07 3.47 3.07 2.73 4.41 4.84 6.68 2.85 6.32 2.39
LU 20.82 20.24 25.04 20.90 11.31 15.06 13.27 25.68 22.38 21.84
LATRAP 14.74 20.14 14.70 18.21 23.48 22.76 20.98 13.61 13.78 23.57
PEROV 21.55 19.07 22.79 19.54 24.67 29.43 35.66 21.22 16.54 23.90
CagNbgOg 39.57 36.92 34.16 38.31 35.86 27.64 23.08 36.37 40.53 28.30
Total Fe calculated as F^Og; LOP = NafREElTigOg; LU = NaNbO,; LATRAP = CagNbFeOg; PEROV = CaTiOg.
Compositions: 1-3, Mitchell (1998); 4, Mitchell (1996); 5-7, Mitchell (1998); 8-9, Chakhmouradian (1996); 10, 
Nickel and McAdam (1964). Totals of compositions 8 & 9 include 1.0 and 0.8 wt. % ZrOg, respectively 
n.d. = not detected. Front'. Mitchell (1998).




Figure 3.1. Niobium perovskite Gom NIOCAN deposit at Oka (BSE image) displaying zonation 
and resorption textures.
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Figure 3.2. Niobium perovskite from NIOCAN deposit at Oka (BSE image) displaying patchy 
zonation.
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niobium perovskite. Table 3 .3 lists representative composiGons of pure perovskite and niobium 
perovskite Gom the NIOCAN and Bond Zone deposits. The perovskite ennched in the 
Ca2pe^^Nb06 and CazNbiO? components previously found in the Bond Zone at Oka (Mitchell cf 
a/., 1998) was rare in this study.
ElecGon microprobe analyses show NIOCAN and Bond Zone perovskite to exhibit a 
moderate range in composiGon (table 3.4). Perovskite Gom NIOCAN and Bond
Zone exhibits a large range ofNbiOs and TiOz (wt. %), while CaO and FeiO] (wt. %) remain 
essenGally constant. Niobium perovskite Gom NIOCAN and Bond Zone exhibits a large range 
in the content of Nb^Og, CaO, Na:0 and TiO% (wt.%) (table 3.4).
Perovskite-.$g/Mw .yGicfo analyzed Gom the NIOCAN and Bond Zone deposits contain 
FeiOs ranging from 2.75 to 5.78 wt. %, with a mean (n=15) of 4.0 wt. % Fe^O] (table 3.4). The 
niobium perovskite contains FeiCb ranging Gom 0.4 to 9.05 wt. %, with a mean (n=91) of 5.73 
wt. % (table 3.4). Mitchell (2002) reports that with the excepGon of latrappite, perovskites 
generally do not contain much Fe (<1 wt. %). Unusually high Fe^  ̂may be considered to be an 
enrichment of Fe in the carbonatite magma.
SiOz,, ZrOz and MgO were each detected at levels of <3 wt. %. Previously, low amounts 
of SiOz and MgO have been interpreted as contaminaGon with minor amounts of other minerals 
(Nickel and McAdam, 1963). Mitchell cf of. (1998) report that calcite, pyrochlore, magneGte 
and clinohumite may be present as inclusions in samples of latrappite Gom Oka. Inclusions of 
calcite, pyrochlore, magneGte, and other accessory phases such as zirconolite and baddeleyite, 
are found in niobium perovskite Gom the NIOCAN and Bond Zone deposits (this work). 
Therefore, the minor amounts of Mg and Si could reGect contaminaGon of the analysed material. 
The presence of co-existing baddeleyite and zirconolite suggests that the Oka carbonaGte
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Table 3.3. Representative compositions of perovskite and Nb-perovskite from NIOCAN and
Bond Zone deposits
Wt.% 1 2 3 4 5 6 7
NbgO; 3.26 1.79 14.46 19.70 24.53 21.60 15.30
TagO; 0.00 0.00 0.00 0.17 0.74 1.17 1.16
TiOg 46.54 49.51 38.90 37.78 34.73 32.64 35.85
ThOg 0.07 0.00 0.00 0.00 0.00 0.00 1.11
FCgOg 4.79 3.78 5.25 3.57 3.67 6.88 6.05
LagOg 2.61 4.23 1.70 1.20 1.71 0.00 0.74
CCgOg 9.17 6.47 2.40 2.57 3.21 2.39 2.28
PrgOg 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NdgOg 0.00 1.85 1.00 1.08 1.13 0.00 0.86
MnO 0.00 0.01 0.06 0.00 0.00 0.00 0.22
MgO 0.00 0.00 0.00 0.14 0.29 0.00 0.20
CaO 31.93 30.80 33.39 28.73 25.07 32.28 34.01
SiO 0.00 0.36 0.00 0.39 0.39 0.00 0.25
NagO 0.78 0.57 1.73 3.74 4.65 2.15 0.84
Total 99.15 99.37 98.89 99.07 100.12 99.11 98.66
Structural Formulae based on 3 atoms of oxygen
Nb 0.032 0.019 0.161 0.220 0.265 0.234 0.162
Ta 0.000 0.000 0.000 0.001 0.005 0.008 0.008
Ti 0.873 0.914 0.720 0.703 0.651 0.618 0.682
Fe 0.099 0.077 0.108 0.074 0.076 0.145 0.128
Mn 0.000 0.000 0.001 0.000 0.000 0.000 0.005
0.000 0.000 0.000 0.005 0.010 0.000 0.008
ZB 1.00 1.01 0.99 1,00 1.00 1.00 0.99
La 0.025 0.038 0.015 0.011 0.015 0.000 0.007
Ce 0.084 0.058 0.022 0.021 0.029 0.022 0,021
Pr 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Nd 0.000 0.016 0.009 0.009 0.010 0.000 0.008
Ca 0.842 0.811 0.875 0.735 0.669 0.872 0.921
Sr 0.000 0.005 0.000 0.006 0.005 0.000 0.004
Na 0.038 0.027 0.056 0.180 0.225 0.105 0.041
ZA 0.99 0.96 0.98 0.98 0.95 0.99 1.00
Mol. % end-members
SrTiOg - 0.59 - 0.05 0.52 - 0.33
LOP 8.22 6.24 7.61 6.46 8.90 2.43 5.08
LU - - 3.24 16.51 20.62 10.00 2.48
LATRAP - - 12.34 8.55 8.94 16.60 14.43
PEROV 91.74 93.17 66.63 62.90 54.61 60.25 67.89
CaThOg 0.04 - - - - - -
CagNbgOg - - 10.17 5.07 6.41 10.72 9.80
Total Fe calculated as FegOg; LOP = Na(REE)Tig06; LU = NaNbOg; LATRAP = CagNbFeOg; 
PEROV = CaTiOg.
Compositions: 1-2, Perovskite, 3-7, Niobium Perovskite
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Table 3.4. Compositional variations of NIOCAN and Bond Zone perovskites. 
CaTiOa Perovskite or Perovskite fgwM n=15
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magmas were enriched in Zr. Therefore, Zr analysed in the perovskite is actually present and 
occupies the B-site of the perovskite structure.
In the niobium perovskite, BaO was not detected, with the exception of a few of the 
examples containing BaO at Gace levels (<2 wt. % oxides). Several perovskite grains analysed 
are found to co-exist with small anhedral barite grains. Barite is a common accessory mineral 
throughout the NIOCAN and Bond Zone deposits. Reasons why Ba does not subsGtute at the /4- 
site of naturally-occurring perovskite is not known (Mitchell, 2002).
Figure 3 .3 shows the distribuGon of elements Gom the nm-to-core of an oscillatory- 
zoned niobium perovskite. Previous work by Mitchell er u/. (1998) has shown that minor 
zoning in niobium perovskites and latrappite Gom Oka is represented by Nb Guctuations. The 
perovskite grains Gom NIOCAN and Bond Zone exibiting zoning were found to represent Nb 
contents, increasing Gom the rim to the core of the grain (Ggure 3.3f). A small spike in the Nb 
and Fe occurs in the fourth zone towards the core (at 19 pm), which corresponds with a small 
decline in Ti at the fourth zone (Ggure 3.3 c). This could represent an exchange of Nb and Fe for 
Ti in the B-site of the perovskite structure. A large Ca spike occurs also in the fourth zone 
towards the core (at 19 pm), which corresponds to the decline of Na at this zone (Ggure 3.3 a, b). 
This could represent an exchange of Ca for Na in the /4-site of the perovskite structure. Figure 
3.3 e, g) shows Ce and La both decreasing toward the core of the perovskite grain.
Ce is the dominant REE in perovskite at the NIOCAN and Bond Zone deposit. La, Nd 
and Sm are present in trace amounts. Previously, inaccurate analyGcal techniques for analysing 
REEs in perovskites, have resulted in poor data on the relaGve distnbuGqn of REEs in 
perovskite. However, more recent studies show perovskite-group minerals are more likely to be 
ennched in LREE relaGve to HREE (Mitchell, 2002).
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3.4. Discussion
The significant feature of the perovskite-group minerals at the NIOC AN and Bond Zone 
deposits is the extreme enrichment of Nb, and the low REE contents. Their compositions do not 
reflect any solid solutions toward loparite, and therefore belong to the quaternary system: 
Perovskite-CaiF eNbOs-CazNbzOy-Lueshite. In figure 3.4, the compositional variations of the 
perovskite-group minerals &om Oka NIOC AN and Bond Zone deposit have been plotted using 
this quaternary system. Perovskites from three carbonatite complexes only can be depicted using 
this system: the Oka calciocarbonatite; the Kaiserstuhl carbonatite complex (Germany); and the 
Magnet Cove carbonatite complex (Arkansas) (Mitchell cr o/. 1998). Previous work by Mitchell 
er a/. (1998) show perovskite compositions &om the these carbonatites depicted in the quaternary 
system (figure 3.5). Kaiserstuhl and Magnet Cove plot close to the perovskite comer, while Oka 
Bond Zone perovskites trend towards N a-, Fe- and Nb-enrichment. Table 3.5 shows that 
compositions of Nb-perovskites and latrappite from Kaiserstuhl and Magnet Cove, are very 
similar in composition to the Oka perovskite-group minerals. However, perovskites from 
Husereau Hill okaites at Oka plot at the perovskite comer of the diagram. Mitchell (2002) 
defines a trend of increasing NaNbOg, Ca2FeNb06 and CazNbiO? from initial calcian sodian 
niobian perovskite. Increasing Nb is accompanied by increasing Fe^\ which reflects substantial 
solid solution with the CazFeNbOg component (Mitchell, 2002). The Oka NIOC AN and Bond 
Zone data presented from this study plots closer to the perovskite comer than previous data from 
this complex (figures 3.4 and 3.5). This could be interpreted as a trend of an initial calcian 
sodian niobian perovskite evolving to a more Nb-, Fe- rich perovskite (see blue arrow, Ggure
3.4). The evolutionary trend of increasing Na, Nb, and LREE contents has been described in a









Figure 3.4. Compositional variation (mol. %) of Nb-rich perovskite and latr^pite from Oka 
NIOC AN deposit (+), depicted in the quaternary system NaNbOs-CaTiOa-CazNbzOy- 
CazFeNbOg. Arrow represents possible evolutionary trend.
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CajFe ’̂̂ NbOg






Figure 3.5. Compositional variation (mol. %) of Nb-rich perovskite and latrappite from the Oka 
(red, green and yellow fields), Kaiserstuhl (orange Geld), and Magnet Cove (blue Geld) 
carbonaGte complexes depicted in the quartemary system NaNbOs-CaTiOg-CazNbzOy- 
CazFeNbOo. (after MitcheU ef of. 1998).
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Table 3.5. Compositions of Nb-nerovskite and latrappite &om other carbonatite complexes.
W t.% 1 2 3
NazO 0.15 2.20 3.82
CaO 37.49 31.87 28.06
SrO 0.33 0.08 0.17
MgO n.d. 0.12 0.25
MnO n.d. n.d. 0.20
FezOs 5.70 5.03 5.23
1.60 0.56 0.36
CezOs 2.38 1.61 0.97
PrzOs n.d. 0.17 0.05
NdzOs 0.38 0.46 0.13
ThOz 0.12 n.a. n.a.
TiOz 42.44 33.18 25.06
ZrOz na. 0.18 0.30
NbzOs 9.38 22.02 33.63
TazOs 0.33 2.02 1.12
Total 100.30 99.38 98.90
Mol % Ewf-maMhgr 
COWÿWfKMA
SrTiO) 0.05 0.10 0.23
NaNbOs - 9.59 18.89
NaZ^EfTizOe 2.09 3.77 2.15
CazFeNbOe 11.48 10.72 11.60
ÆEEzTizO? 1.44 - -
CazNbzO? 7.19 14.97 20.68
CaTiOz 77.70 60.85 46.45
1 Calgon Pit, Magnet Cove, Arkansas; 
2-3 Kaiserstuhl complex, Germany.
All data from Mitchell er oZ. 1998) 
n.d. = not detected; n a. = not analysed.
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diversity of alkaline-ultramaGc and carbonatitic rocks (Platt, 1994; Chakhmouradian and 
Mitchell, 1997,1998b).
It is proposed that the Nb-perovskites at NIOC AN and Bond Zone crystallized at a 
middle stage in the evolution of the carbonatite, relative to the other Nb mineralization in the 
complex. Pétrographie evidence for this is shown by the numerous inclusions of groundmass 
calcite and apatite within the perovskite grains. The moderate range of compositions in the 
perovskites (including the larger NbzO; range) is interpreted as crystallizing under Guctuating P- 
T conditions, with the Guctuating conditions being the result of intruding batches of magma.
The perovskites may have become more evolved (Na-, Nb-, and REE-rich) from the interaction 
of the compositional ly primitive generations of this mineral with a second melt, produced as a 
result of magma mixing, and enriched in Na, Nb, and REE. Pétrographie evidence supporting 
this theory is shown by the resorption textures and alterations exhibited by the perovskites.
Some perovskites have escaped the interaction of secondary melts, and have therefore remained 
perovskite fg/wz/aïtr/cto, while others are more evolved as a result of the interaction.
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Chapter 4: Mineraloev and composition of Zirconolite minerals
4.1. Zirconolite
4.1.1. Introduction
Zirconolite is a rare accessory mineral that can be found in a wide range of geological 
environments. Zirconolite is a calcium zirconium titanium oxitk with the structural formula 
CaZrTizO?. Zirconolite commonly exhibits compositional zoning patterns that are good 
indicators of the changes taking place in a geological environment (Gière and Williams, 1992). 
Zirconolite has been considered as a matrix for the immobilization of high-level radioactive 
wastes (Synroc zirconolite) (Gière and Williams, 1992). Therefore, studies conducted on this 
mineral species are of great mineralogical and economic importance.
4.1.2. Nomenclature of Zirconolite-group minerals
Zirconolite can exist as three polytypes with monoclinic, orthorhombic and trigonal 
symmetry (Bayliss et a/., 1989). Zirconolite is difScult to identi^ using optical microscopy 
because it forms small crystals and can easily be mistaken for ilmenite or rutile (Gière et a/., 
1998). Actinide elements occur in the structure, which can make the mineral partially-or fully - 
metamict (Bellatreccia er aZ., 1999). This results in errors in the identiGcation and the 
classiGcation of polytypes of zirconolites. Bayliss gf aZ. (1989) ended the confusion surroimding 
the nomenclature of the CaZrTizO? minerals by creating a new nomenclature scheme, Wiich was 
approved by the IMA-CNMMN. The revised nomenclature scheme is as follows (q/9gr Bayliss 
gfoZ., 1989):
1. The metamict mineral / or undetermined polytype of CaTiZrzO? is called zirconolite.
2. The orthorhombic mineral of CaZrTizO? is called zirconolite-30 (3-octahedral layers 
in a crystallographic repeat).
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3. The trigonal mineral of CaZrTizO? is called zirconolite-3T (3-octahedral layers in a 
crystallographic repeat).
4. The monoclinic mineral of CaZrTizO? is called zirconolite-2M (2-octahedral layers in 
a crystallographic repeat).
5. Polymignite is synonymous with zirconolite.
6. The cubic mineral with composition (Ti, Ca, Zr) Oz-x shall be called zirkelite.
4.W. Pétrographie features and compositional characteristics of Zirconolite
According to Gière g/ <zZ. (1998), zirconolite is always found as an accessory mineral, 
usually <100 pm in size. It can be the only Zr-bearing phase, or it can be intergrown with other 
Zr-bearing phases, /.g. calzirtite, baddeleyite. The mineral is typically biaxial negative, 
exhibiting high birefringence and straight extinction with negative elongation
The structure of zirconolite is compositionally very Gexible, leading Gière gf a/. (1998) to 
conclude that the availability of speciGc components becomes a key factor in controlling the 
composition of zirconolite. Bayliss gf oZ. (1989) reports the end-member formula to be: 
^Caz^Zrz^'Ti4 0 i4. There is extensive substitution involving mainly the rare earth elements, 
the actinides, Nb and Fe into natural zirconolite structures (Gière gf oZ., 1998). According to 
Bayliss gf aZ. (1989), m^or replacements are trivalent REEs and tetravalent actinides in the 
^ (C a ) site are, Nb and Ta in the ^(Ti) site, and Fe in the ^(Ti) site. Table 4.1 lists the ideal 
composition of zirconolite and the actual compositional variations found in natural zirconolite. 
Gière g/ aZ. (1998) separated all potential components and defined new variables by grouping 
bivalent, trivalent and pentavalent metal ions together.
= Mg^+ + Fe^  ̂+ Mn -̂ + Zn^"
^ 3+ = Al̂ + + Fe^++C/+
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Table 4.1. Zirconolite stoichiometry (from Gière et al. 1998)
CaO (w t %) ZrOz (w t %) TlOz (w t %)
Theoretical 16.5 36.3 47.2
Rwzgg yôwwZ m Mz/z/roZ 2.63-16.5 24.3-45.4 13.6-45.9
ZzrcozzoZzfg Azzẑ Zg.;




Therefore, the components are Ca, Zr, Ti, ACT, REE, Afe^̂ , A4e% W, Hf and O. This 






Using these end-members Gière gr oZ. (1998) described the compositional space of natural 
zirconolite graphically using a double tetrahedron (Ggure 4.1). The upper right part of the 
double tetrahedron is Afĝ  ̂dominated, whereas the lower leA is A/g^  ̂dominated. Chemographic 
relationships have been studied by Gière gf oZ. (1998) for the ternary system CaO-ZrOz-TiOz 
(Ggure 4.2). This diagram shows that if zirconolite is associated with other Zr-bearing minerals 
theoretically, one of the following three phase assemblages should be present.
(a) zirconolite + baddeleyite + calzirtite
(b) zirconolite + baddeleyite + perovskite
(c) zirconolite +calzirtite + perovskite
In the NIOC AN and Bond Zone deposit, zirconolite is found associated with baddeleyite and 
perovskite, Z.g. assemblage (b).
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ACTZrTiM/O
R E E Z rM g ^ M ^ + O ?
REEZrTiMe^O?
Figure 4.1. Compositional space for natural zirconolite (6om Gière et nZ., 1998).











Figure 4.2. Chemographic diagram for the system CaO-ZrOz-TiOz-COz. Cross-hatched 
three-phrase assemblage observed in the carbonatite at Schryburt Lake, ON. Dark shaded 
field represents the assemblage found in the metasomatic veins at Adamello, Italy (&om 
Gière gtnZ., 1998).
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4.1.4. Paragemesis of zirconolite
Zirconolite is most commonly reported as a late-stage phase that crystallizes from a trace 
element-enriched magma in mafic cumulate rocks and carbonatites (de Hoog cf a/., 2000). 
Various processes can be attributed to the crystallization of zirconolite, involving solid phases, 
melts or fluids (Gière er a/., 1998). Using the simplified CaO-ZrOz-TiOz-COz system, Gière er 
a/. (1998) listed zirconolite-fbrming reactions that could take place (table 4.2). Other 
zirconolite-fbrming processes possible are solid-melt interactions, which would explain 
zirconolite rims around baddeleyite crystals, or by solid-solid reactions (i.e. metasomatism), or 
finally, by reactions involving a fluid phase (Gière er nZ., 1998).
4.1.5. Zirconolite occurrences
Zirconolite occurs in a wide range of rock types and geological environments, and has 
been recognized in over 50 terrestrial localities and 13 lunar samples. Williams and Gière,
(1996) reviewed zirconolite occurrences and compared their compositions, and noted that all are 
in rocks that are poor or deficient in SiOz. Zirconolites have been identibed in kimberlites, 
ultrabasic rocks, gabbro pegmatites, syenites, nepheline syenites, metasomatic rocks, placer 
deposits, lunar samples, and most commonly, in carbonatites (Williams and Gière, 1996). Table 
4.3 is a summary of the localities described by Williams and Gière, (1996). Their comparison of 
the compositions of zirconolites bom various localities concludes that most common occurring 
elements in zirconolite are (in no particular sequence): Mg; Al; Si; Ca; Ti; Mn; Fe; Y; Zr; Nb;
Hf; Ta; W; Pb; Th; U; La; Ce; Pr; Nd; Sm; and Gd.
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Table 4.2. Zirconolite-fbrming reactions (from Gière et al. 1998)
[1] perovskite + rutile + baddeleyite o  zirconolite
[2] 3 perovskite + 5 rutile + calzirtite <=> 5 zirconolite
[3] calcite + 2 rutile +baddeleyite <=> zirconolite + COz
[4] 3 calcite + 8 rutile + calzirtite <=> 5 zirconolite +3C0z
[5] calzirtite + 2 rutile <=> 2 zirconolite + 3 b^deleyite
[6] calzirtite + 8 perovskite + 5 COz <=> 5 zirconolite + 5 calcite
[7] baddeleyite + 2 perovskite + COz o  zirconolite + calcite
[8] calzirtite + COz o  zirconolite + 4 baddeleyite + calcite
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Table 4.3. A summary of the localities of zirconolite as eiven bv Williams and Gière, (1996)
Rock Type Occurrences Associated Minerals




Ultrabasic Rocks « identified in 2 ultrabasic cumulate complexes in Algeria and * baddeleyite
Scotland 9 apatite
9 zircon





Syenites » Glen Dessarry, Scotland * Fe Ti oxidese Arbarastakh massif, Aldan, Russia 9 titanite
• Fredicksvatn, South Norway « allanite
Campo Flegrei, Italy apatite
9 zircon
Nepheline Syenites • Pine Canyon, Utah, USA 9 hibonite
« Elk Massif, Poland 9 perovskite
« Chikala, Malawi » pseudobrookite
Tchivira, Angola * apatite
» Pilanesberg, Gauteng, South Africa » fluorite




» rare thorian hellandite
Carbonatites » Kola Penninsula, Russia 9 calzirtite (intergrown)
« Schryburt Lake, ON, CA 9 apatite
« Santiago Island, Cape Verde Republic 9 magnetite
* Phalaborwa, South Africa 9 clinohumite
* Soldi, Finland 9 tetraferriphlogpite
e Kaiserstuhl, Germany 9 pyrrhotite
* Hegau Volcanic Province, Germany 9 richterite
e Prairie Lake, ON, CA 9 baddeleyite
* Cummins Range, Austraha 9 pyrochlore
9 Howard Creek, BC, CA 9 glimmerite
» Catalao, Brazil 9 zircon




Metasomatic Rocks 9 Mt. Melbourne Volcanic Field, Anatartica n/a
9 Berge Aureole, Switzerland
» Octztal-Stubai Complex, Austria
9 Adamello Contact Aureole, Italy
Koberg mine, Sweden
Lunar Samples 9 mainly in peridotites and metamorphosed breccia 9 baddeleyite
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4.1.6. Carbonatitehosffoeks
The zirconolite compositional data presented by (Gière ef a/., 1998) suggests that 
different substitutions operate in zirconolites in different geological environments. Carbonatites 
are the most common host rock for zirconolites, with 16 reported occurrences. Zirconolites bom 
carbonatites are highly variable with respect to their contents of REE, ACT and The
common features of zirconolites bom carbonatites are low Al contents, enrichment in LREE, and 
a higher Ferow content. Bellatreccia er a/. (1999) reports that zirconolites associated with 
carbonatites almost always show compositional zoning.
4.2. NIOC AN and Bond Zone zirconolite minerals
This work has shown that zirconolite is present in the Oka carbonatite. To the best of the 
author's knowledge, this is the brst time the mineral has been documented bom this area. Figure 
4 .3 is a back-scattered electron image of a zbconolite grain bom the Bond Zone of the complex. 
Zirconolite bom the NIOC AN and Bond Zone deposit at Oka occurs as small, rare, subhedral- to 
-anhedral crystals (maximum length -  30 pm). Zbconolite is mostly found located in the 
bactures and cavities of calcite and apatite, and occasionally found rim m ing pyrochlore and 
biotite grains. In one instance, a zirconolite grain is found occurring as an overgrowth on the rim 
of a uranoan pyrochlore grain. Subsequent analysis of this zirconolite revealed low CaO and 
enriched UO2 contents. Rarely, the zirconolite exhibits zoning, which rebects slight variations in 
Nb and LREE^^ content.
Sixty analyses of zirconolites bom the NIOC AN and Bond Zone deposits are included in 
Appendix II.3, with representative compositions given in table 4.4. Table 4.5 lists the 
compositional variations of zbconolites bom the NIOC AN and Bond Zone deposits. These data 
show a large range of TiOz content, (6.20-29.36 wt %). Elevated NbzO; contents are present in




Figure 4.3. BSE images of zirconolite from NIOC AN deposit.
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Oka
W t % Oxide A B C D
MgO n.& n.d. 0.56 0 .2 1
AI2O3 n.d. n.d. n.d. 0.63
SiOz n.d. n.d. n.d. 0.50
CaO 14.02 10.03 8.98 13.89
TiOz 29.36 10.84 12.55 19.91
MnO n.d. 3.89 3.67 1.65
FeO 6.76 6.24 5.24 7.47
ZrOz 31.63 32.80 37.10 33.86
NbzOg 11.73 27.47 24.60 21.57
LszO] 2.34 n.d. n.d. n.d.
CezOs n.d. 4.86 2.93 nd.
NdzO) 1.94 3.19 2.69 n.d.
HfOz n.d. nd. n.d. 0.31
ThOz n.d. 1.41 0.52 0.13
(Na^)zO 0 .2 2 n.d. 1.06 0.37
Total 99.06 100.71 99.92 100.60
UO] and Ta^O, analysed, but not detected
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the NIOC AN and Bond Zone zirconolite, in common with zirconolites from other carbonatite 
hosts (Gière gf oA, 1998). Other features characteristic of zirconolites with a carbonatite host, 
also occur at Oka, i.e. low Al content, LREE>HREE (with the dominant LREE being Ce^^, and 
Fe-row > Mg.
The NIOC AN and Bond Zone zirconolites exhibit a large range in CaO, TiOz, and ZrOz 
content Gière gf a/. (1998) notes that the variation in Zr content is large mainly as a result of 
extensive substitutions taking place at the Ca and Ti sites. These sites can be nearly 80% 
occupied by other elements, whereas in the m^ority of cases all of the Zr site is filled by Zr 
alone. These relationships are shown graphically in figure 4.4, where the NIOC AN and Bond 
Zone zirconolites plot to the Zr-rich side of the theoretical composition. Figure 4.5 examines the 
compositional variation at the Ca-site of zirconolites. No correlation is evident in the NIOC AN 
and Bond Zone zirconolites at Oka, therefore no substitutions between Ca and REE^^ are present. 
With respect to the Ti-site of zirconolites, a strong negative correlation is found between Ti and 
(Ta+Nb) (figure 4.6). Therefore, of the extensive substitutions discussed by Gière gr of. (1998) 
only those on the Ti-sites for zirconolites are present in NIOC AN and Bond Zone zirconolites.
NIOC AN and Bond Zone zirconolites are characterized by low LREE and ACT (figure 
4.7, table 4.4). The ACT content for zirconolites from NIOC AN and Bond Zone are ^ ic a lly  
lower than average (7.9 % ThOz, <2 % UOz) compared to zirconolites bom other carbonatite 
complexes. The REE^^ content of NIOC AN and Bond Zone zirconolites is average for 
carbonatite-hosted zirconolites. Figure 4.7 also shows the large range of (Nb+Ta) in the 
NIOC AN and Bond Zone zbconolites; these having the highest NbzO; content of any 
documented zirconolites bom carbonatites.




Figure 4 .4. Ternary compositional diagram showing the compositional variation of zirconolite 
bom the NIOCAN and Bond Zone, Oka (triangles) with respect to the major components Ca, Zr, 
and Ti (in atomic %). Orange square represents the theoretical composition of pure CaZrTizO?.




























Figure 4.5. Ca (a.p.f.u.) vs. REE (a.p.f.u.) for zirconolite minerais.





^  Kaiserstuhl 
O  Schryburt Lake 






Figure 4.6. Ti (a.p.fu.) vs. Ta+Nb (a.p.fu.) for zirconolite minerals.
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Table 4.5 Compositional variations of zirconolites from NIOC AN and Bond Zone deposits at
Oka
Compositional Range Mean











Figure 4.7. Ternary compositional diagram [(ACT)-(REE)-(Nb+Ta)] for NIOCAN and Bond 
Zone zirconolites.
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4 J . Zirconolites from other carbonatite localities worldwide
Appendix VI lists EMPA data for zirconolites &om 5 other carbonatite localities 
worldwide: Kovdor Carbonatite, Russia; Schryburt Lake carbonatite, Canada; Phalaborwa 
carbonatite, South Africa; Sokli carbonatite, Finland; Kaiserstuhl carbonatite, Germany. Each of 
the occurrences will be discussed below in order to compare and contrast with the zirconolite 
occurrence at Oka.
43.1. Kovdor carbonatite complex. Kola Penirwula, Russia
At the Kovdor carbonatite complex; zirconolite, pyrochlore and baddeleyite occur as 
accessory minerals, up to 150-200 pm in diameter, commonly intergrown with each other and 
usually associated with magnetite and apatite (Williams, 1996). Detailed frne-scale 
compositional zoning within the zirconolite, and textural relationships between zirconolite and 
other accessory minerals have been identified at Kovdor. Analysis of the zonation revealed 
primarily changes in the Nb/Ti ratio (Williams, 1996). Analysis of the REE's revealed little 
variation &om grain-to-grain, or between zones of the grains.
In the Kovdor zirconolite, both Nb and Ta have significantly higher concentrations and 
are among the highest values reported for these elements thus far in the literature (figure 4.8).
The mean for Nb20s of 18 analyses is 18.64 wt.% (range 13.97-21.21 wt. %). In contrast, the 
NIOCAN and Bond Zone zirconolites have higher concentrations, with a mean for NbzOg =
23.73 wt. % (range 11.52-31.10) (table 4.5).
No correlations are present in figure 4.5 and as a result, there is no Ca-site substitution 
present in the zirconolites from Kovdor. A strong negative correlation is shown in figure 4.6, as 
Nb+Ta are substitute fbrTi in the Kovdor zirconolites.




Figure 4.8. A ternary compositional diagram with apices (ACT)r(REE)-(Nb+Ta) for zirconolites 
from carbonatites worldwide.
: Phalaborwa, O  : Schryburt Lake, O  : Kovdor, ^  : Kaiserstuhl, ^  : Sokli
Shaded field represents the NIOCAN and Bond Zone zirconolite compositional field.
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
114
Williams (1996) concludes that textural information indicates that zirconolite crystallizes 
later than, and in some cases replaces, pyrochlore and baddeleyite. In comparison with Oka 
zirconolites, both are found as accessory minerals, in association with pyrochlores and 
baddeleyite. The strong compositional zoning that is found in Kovdor zirconolites is not seen in 
NIOC AN and Bond Zone zirconolites. Zirconolites &om both localities have high Nb, and 
display Ti-site substitutions. Neither zirconolites have Ca-site substitutions occurring. NIOC AN 
and Bond Zone zirconolites have enriched REE relative to Kovdor zirconolites.
43.2. Schyburt Lake, Ontario, Canada
A mineralogical and petrological study of the Schryburt Lake carbonatite, demonstrated 
the occurrence of baddeleyite, caWrtite, uranopyrochlore, and a complexly-zoned Nb-, Nd-rich 
zirconolite (Platt, pers. com. 2003). REE2O3 contents range from 5.5 to 21.6%, Nd being the 
most abundant REE (up to 7.56 % wt. % NdzOs) (Platt, unpublished data). Figure 4.8 best 
displays the REE enrichment in the Schryburt Lake zirconolites, along with the large range of 
Nb+Ta.
A very strong negative correlation is fbimd in Ggure 4.5, indicating the presence of a Ca- 
site substitution with REE. In some of the zirconolite grains analysed, the sum of (Y+REE) 
cations exceeds 50% of the Ca structural site, and on the basis of recommendations regarding 
rare earth mineral nomenclature, these grains have been regarded as a new mineral species, 
zirconolite-Nd (Platt, pers. com.). A negative correlation is evident in figure 4.6, indicating the 
presence of a Ti-site substitution with Ta+Nb.
Few similarities can be identified between the NIOC AN and Bond Zone zirconolites and 
the Schryburt Lake zirconolites: the latter have complex zonation and REE-enrichment, Ca is 
being replaced by REE, and Ti is being replaced with Ta+Nb.
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4 3 3 . Phalaborwa carbonatite complex. South Africa
Williams gf a/. (1996) describes zirconolite 6om Phalaborwa occurring with baddeleyite 
and zircon. The zirconolite is TiOz-enriched, REE- and NbzO^-poor. No correlation is found in 
Ggure 4.5, a bivariate diagram with Ca v s. REE, indicating no substitution at the Ca-site is 
present. No correlation is found between Ti and Ta+Nb in figure 4.6, indicating no substitution 
at the Ti-site is present Phalaborwa zirconolites do not show the same compositional 
characteristics as other zirconolites from carbonatites, and are not directly comparable to the 
NIOC AN and Bond Zone zirconolites from Oka.
43.4. Sokli carbonatite complex, Finland
The zirconolites 6om Sokli are found as discrete prisms in hydrothermal phoscorites. 
They are associated with pyrochlore, and are considered to have apparently formed at the 
expense of pyrochlore, or as inclusions in pyrochlore. They are generally REE-, ACT-poor and 
Nb-, Ti-rich with the exception of one REE-, ACT-enriched sample. They plot in the (Nb+Ta) 
comer of the ternary compositional diagram in figure 4.8, in common with zirconolites 6om 
Kovdor. Sokli zirconolites do not exhibit Ca-site substitutions (figure 4.5). In figure 4.6, a slight 
negative correlation is noted, indicating a substitution at the Ti-site with Nb. Compositional 
variations of the zirconolites from Oka and Sokli are similar, however, zirconolites from Solid 
are considered to be a product of hydrothermal nature. No characteristics of hydrothermal 
activity are seen at Oka and therefore cannot be regarded as a product of hydrothermal product.
4.3.5. Kaiserstuhl carbonatite complex, Germany
At Kaiserstuhl, zirconolite occurs with calzirtite, baddeleyite, Nb-perovskite and 
pyrochlore. In figure 4.8, the Kaiserstuhl zirconolites plot at the (Nb+Ta) comer, with very low
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REE and ACT content No correlation is evident in figure 4.5 due to insufficient data, and no 
conclusions can be drawn with respect to Ca-site substitution. Figure 4.6 shows a slight 
correlation between Ti and Ta+Nb, which could be confirmed by more analyses. Both the Oka 
and Kaiserstuhl carbonatites contain rare accessory minerals such as zirconolite, calzirtite, 
baddeleyite, Nb-perovskite and pyrochlore, and further comparisons on the composition and 
paragenesis of these minerals could be beneficial.
4.4. Discussion
Zirconolite has been recognized for the first time in the NIOC AN and Bond Zone deposit 
at Oka. This has the highest Nb content of all zirconolites from previously studied carbonatites. 
Slight compositional zoning is present, reflecting only slight changes in Nb and LREE content 
The wide compositional ranges observed for several elements (e.g. Nb) in the NIOC AN and 
Bond Zone zirconolite reflects the ease with which its crystal structure can accommodate large 
differences in the size and charge of the cations, resulting in the large range in compositions 
present.
Textural relationships with apatite, magnetite, perovskite and pyrochlore imply that the 
Nb-rich zirconolites at NIOC AN and Bond Zone are the product of a late-stage formation. 
Baddeleyite and calzirtite are commonly found exhibiting the same textural relationships.
Gière er oZ. (1998) states that the overall composition of zirconolite reflects the general 
geochemical characteristics of the geological surroundings. NIOC AN and Bond Zone 
zirconolites are Nb-rich, as are the perovskite, pyrochlore and niocalite analyzed in this study. 
Preference of the LREE's over the HREE's is found throughout the pyrochlores, perovskites and 
zirconolites. Ce is the dominant LREE in each of these minerals, with La and Nd also present.
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The textural relationships and the geochemical characteristics of zirconolite from the 
NIOC AN and Bond Zone deposit infer the mineral formed from a reaction phase, with one or 
both of the following zirconolite-fbrming reactions possible (from Gière er a/., 1998): 
calzirtite + 8 perovskite + 5 CO; 5 zirconolite + 5 calcite 
baddeleyite + 2 perovskite + COz 4+ zirconolite + calcite
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Chapter 5: Mineraloev and composition of Niocalite minerab
5.1. Niocalite
5.1.1. Introduction
The relatively rare Nb-silicate niocalite (CaJSlb)4Si2 0 7 (0 ,0 H,F)2 was first described from 
the Oka carbonatite by Nickel (1956). Nickel er a/. (1958) presented a complete chemical 
analysis of the new Nb-mineral. Niocalite was first described 6om Oka as occurring within a 
coarse, crystalline strontian calcite containing magnetite and apatite. Other Nb-bearing minerals, 
notably pyrochlore and niobian perovskite were found occurring in the area, however were 
characteristically absent in the niocalite-bearing rock itself (Nickel er a/., 1958). Nickel er a/. 
(1958) reported that in some samples of calciocarbonatite, niocalite constituted about 10% of the 
total rock.
Niocalite belongs to a family of minerals which includes cuspidine, hiortdahlite, lavenite
and woherlite. Structural similarities between this family can only be resolved by detailed single 
crystal x-ray studies. The general formula for these minerals on the basis of 36 oxygens is 
Y]6(Siz0 7 )4(0 ,0 H f  )s, % corresponding to (Na)^(CaJvfg,MnJ:e)^^(REE)^+(Zr,TiTlf)^+(Nb,Ta)^. 
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(M represents a mixing site, in hiortdahlite, with tm average charge of three; Merlino and 
Perchiazzi, 1985). The minerals of this family are distinguished by variations in their Ca, Na, Nb 
(+Ta) and Zr+Ti(+Hf) contents.
There are only two reported occurrences of niocalite in the literature. Oka (described 
above), and in the silicate-carbonate rocks of the central calciocarbonatite intrusion in the 
Kaiserstuhl alkaline-carbonatite complex. REE-bearing niocalite has been provisionally 
identified as tiny inclusions in gregoryite phenocrysts &om natrocarbonatite lava, at Oldoinyo 
Lengai (Church and Jones, 1995); compositional data were not presented for these inclusions.
5.2. NIOC AN and Bond Zone Niocalite minerals
Previous work on niocalite from the Bond Zone at Oka (Nickel er a/., 1958) reports 
euhedral, unzoned, discrete niocalite grains occurring in the calciocarbonatite. Although other 
Nb-bearing minerals (pyrochlore, Nb-rich perovskite) had been identihed at the complex, no 
association had been identified between niocalite and the other Nb-minerals. The euhedral, 
discrete, niocalite grains (devoid of zoning) reported from earlier studies, have been identified in 
the NIOC AN and Bond Zone deposits. In addition, this study has revealed an association of 
niocalite with other Nb-bearing minerals. Niocalite has been found occurring in close contact to 
Ce-pyrochlore, Nb-rich zirconolite and Nb-rich perovskite (figure 5.1). It also occurs as 
overgrowths on subhedral, highly altered ceriopyrochlore grains (figure 5.1).
Appendix n.4 contains niocalite compositional data (EMPA) &om the NIOC AN and Bond 
Zone deposits, Kaiserstuhl alkaline and carbonatite rocks (Keller and Williams, 1995), and 
previous data from the Bond Zone (Keller and Williams, 1995). Table 5.1 shows representative 
compositions of niocalite j&om the NIOCAN and Bond Zone deposit. The data compares well 
with those originally reported by Keller and Williams (1995) and Nickel (1958). Low amounts
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
120
Figure 5.1. False-colour image of niocalite overgrowth on ceriopyrochlore, in coexistence with 
Nb-rich perovskite. Scale as shown.
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Table 5.1. Representative compositions of niocalite from NIOCAN and Bond Zone
N1 N3 N5 m i N19
SiOz 31.59 31.12 31.17 30.17 30.96
TiOz 0.00 0.00 0.14 0.00 0.00
ZrOz 0.00 0.00 1.21 1.05 0.00
NbzOg 17.84 18.63 17.43 18.09 18.29
AlzO; 0.00 0.10 0.26 0.06 0.35
LazOz 0.00 0.00 0.00 0.00 0.18
CezOz 0.31 0.25 0.39 0.67 0.52
NdzOz 0.33 0.23 0.07 0.48 0.56
FeO 0.00 0.46 0.25 0.00 0.11
MnO 0.72 0.07 0.97 0.89 0.96
MgO 0.00 0.00 0.00 0.00 0.40
CaO 46.71 47.89 47.23 43.99 45.46
SrO 0.14 0.80 1.42 0.92 0.00
NazO 0.86 0.47 0.38 1.26 1.27
Total 98.50 100.02 100.92 97.58 99.41
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of LREE, mainly Ce are present in the Oka niocalite. Eby (1975) and Homig (1988) also 
recognised the presence of LREE in niocalite from Oka. Niocalite analyses 6om NIOCAN and 
Bond Zone plot directly in the compositional field defined by Keller and Williams (1995), with 
moderate Nb+Ta and low Na (figure 5.2). Niocalite analyses in figure 5.3, all plot in the 
compositional field with the exception of one analyses enriched in Na, plotting towards the 
compositional Geld of wOhlerite, defined by Keller and Williams (1995). Wôhlerite has been 
found occurring in the Bond Zone at Oka (Nickel, 1958), however was not identiGed Gom 
NIOCAN and Bond Zone in this study. These new data compare reasonably well with those 
onginally reported by Nickel ef uZ. (1958) and Keller and Williams (1995).
53. Kaiserstuhl Niocalite minerals
Niocalite and wôherlite coexist together at the Kaiserstuhl alkaline-carbonatite complex. 
Niocalite is associated with, and, in some cases, intergrown with the Na, Ca, Zr silicate wôherlite 
(Keller and Williams, 1995). The minerals are found intersGGal to m^or mineral phases of the 
rocks. Irregular zoning is noted in the Kaiserstuhl niocalite and wôherlite. Analysis reveals the 
zoning to correspond to intermediate composiGons between niocalite and wôherlite (Keller and 
Williams, 1995).
Many similar Nb- and Zr-bearing minerals found occurring at both complexes. Kaiserstuhl 
is the host to Nb- and Zr-bearing minerals such as pyrochlore, Nb-nch perovskite, Nb-nch 
zirconolite and calzirtite. Kaiserstuhl niocalite plots in the composiGonal Gelds for niocalite in 
Ggures 5.2,5.3 and 5.4, and is composiGonally similar to the analyses of NIOCAN and Bond 
Zone niocalite.







Figure 5.2. Ternary compositional diagram [Na-(Ca/5)-(Nb+Ta)] for the NIOCAN and Bond 
Zone niocalite minerals (A). Compositional fields for the other members of the niocalite family 
are shown (yellow). Niocalite analyses 6om Kaiserstuhl 0  (Keller and Williams, 1995), and 
previous niocalite analyses from Bond Zone at Oka A  (Nickel er a/., 1958) are also shown.








Figure 5.3. Ternary compositional diagram [(Zr+Hf+Ti)-(Na)-(Nb+Ta)] for the NIOCAN and 
Bond Zone niocalite minerals A  . Compositional fields for the other members of the niocalite 
family are shown (yellow). Niocalite analyses from Kaiserstuhl 0  (Keller and Williams, 1995), 
and previous niocalite analyses &om Bond Zone at Oka A. (Nickel er n/., 1958) are also shown.








Figure 5.4. Ternary compositional diagram [Na-(Ca/5)-(Zr4-HB-Ti)] for the NIOCAN and Bond 
Zone niocalite minerals A. Compositional Gelds for the other members of the niocalite family 
are shown (yellow). Niocalite analyses from Kaiserstuhl# (Keller and Williams, 1995), and 
previous niocalite analyses from Bond Zone at Oka A  (Nickel gr a/., 1958) are also shown.
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5.4. Discussion
Niocalite has been analysed Gom the NIOCAN and Bond Zone deposit at Oka, and analyses 
compare well with previous work on the Bond Zone niocalite. Previous studies report niocalite 
occurring as discrete, euhedral grains devoid of zoning (Nickel et a/., 1958), however, niocalite 
Gom the Bond Zone is G)und occurring as anhedral overgrowths on cerium pyrochlore and 
ceriopyrochlore grains, in textural association with Nb-rich perovskite. Although woherlite has 
been identiGed as occurring in the Bond Zone and St. Lawrence Columbian deposits at Oka 
(Nickel er oA, 1958), it was not idenGGed in this study, indicaGng a possible absence of wôherlite 
in the NIOCAN deposit. There are only two occurrences of niocalite; Oka and Kaiserstuhl, and 
analyses Gom both compare reasonably well with one another.
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Chanter 6: Conclusion
Data presented in chapters 1-5 permit the following generalizaGons regarding the 
composidonal variahon and paragenesis of Nb-bearing minerals in the Oka carbonahte complex: 
fyrocMorg
NIOCAN and Bond Zone pyrochlore-group minerals exhibit extremely wide 
compositional variahons. The mryority of these are cerium pyrochlores with thorium and 
uranium varieGes also being present. Pyrochlores can be zonaGon-Gee or show discontinuous 
and/or patchy zonaGon. Two or more composiGonal and/or textural vaneGes occur in close 
proximity to each other. This observaGon implies that such pyrochlores cannot have crystallized 
together in their current host rock. Many pyrochlores exhibit .4-site deGciency, resulGng Gom 
leaching of ̂ 4-site cations caused by diverse alteration processes during and after crystallization.
NIOCAN and Bond Zone perovskites occur as euhedral- to -subhedral crystals which 
exhibit patchy and slight composiGonal zonaGon. They are commonly Gactured and contain 
inclusions of calcite and magneGte. The sigrnGcant charactensGc of the perovskite-group 
minerals at the NIOCAN and Bond Zone deposits is then extreme ennchment in Nb, coupled 
with low REE contents. Latrappite and Nb-nch perovskite have been idenGGed as occurring at 
Oka. Then composiGons do not reftect solid soluGons toward loparite, and can be expressed in 
the quaternary system perovskite-CaiFeNbOG-CazNbzOy-lueshite.
Z/rconoftrg
' Zirconolite has been recognized for the Grst Gme in the NIOCAN and Bond Zone 
carbonaGtes at Oka Zirconolite is most commonly found located in the Gactures and caviGes of 
calcite and apaGte, and occasionally found rimming pyrochlore and bioGte grains. Rarely, the
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zirconolite exhibits zoning, which reftects slight variations in Nb and LREE^^ content. The 
zirconolites are Nb-rich, and have the highest Nb content of all zirconolites Gom previously 
studied carbonatites.
The euhedral, discrete, niocalite grains reported Gom earlier studies have been idenGGed 
Gom the NIOCAN and Bond Zone carbonaGtes at Oka. In addiGon, this study has revealed an 
associaGon of niocalite with other Nb-bearing minerals. Niocalite has been G)und occurring in 
close contact to Ce-pyrochlore, Nb-nch zirconolite and Nb-nch perovskite. It also occurs rarely 
as overgrowths on subhedral, highly-altered ceriopyrochlore grains.
The textures and composiGons of the Nb-minerals occurring at Oka suggest that they did 
not crystallize in equilibnum in then current host rock. CrystallizaGon of these minerals could 
not have been contemporaneous, as they could not have been liquidas phases at the same time. It 
is probable that the minerals were denved Gom other regions within the complex, possibly other 
magma chambers. These being disturbed and then contents mixed with other batches of magma. 
TransportaGon of this mixed assemblage produced their current host rock.
UnGl recently, liGle was known about the 6ctors that determine whether pyrochlore or 
perovskite crystallizes Gom carbonaGte magmas. Jago and GiGens (1993) undertook 
experiments to determine the solubility of Nb, and pyrochlore in carbonate liquids that 
approximate in composiGon to carbonaGte magmas. Using the system CaCCb-NazCOs- 
pyrochlore, Jago and Gittens (1993) found the solubility of NbzOs in water-bearing calciGc 
liquids is at least 5 wt. %, rising as high as 7.5 wt. %, but dimiinshing to less than 0.75 wt. % in 
liquids that more closely resemble carbonaGte magmas. Results indicate that in Guorine-Gee 
liquids, Nb forms lueshite or other perovskite-group minerals. Furthermore, pyrochlore
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crystallizes only from liquids containing at least 1 wt. % F. Jago and Gittens (1993) 
conclude that most carbonaGte magmas contain at least small amounts of Guorine, this being 
concentrated dunng magmaGc crystallizaGon, and reaching the 1 wt. % level at an early stage of 
carbonaGte evoluGon, and therefore crystallizing pyrochlore at this early stage.
Further work on the solubility of Nb in the ternary system CaC0 3 -Ca(0 H)2-NaNb0 3  
(calcite-portlandite-lueshite) at 0.1 GPa was undertaken by Mitchell and f^arsgaard (2002). 
Results indicate that Nb is exGemely soluble in water-beanng melts in this system. The 
maximum solubGity ofNbzO; in this system is estimated to be 48 wt. % (650 ° at 0.1 GPa) 
(MitcheU and Kjarsgaard, 2002). The expenments show that perovskite-structured compounds 
rather than pyrochlore crystallize Gom these Guorine-Gee, water-nch melts. MitcheU and 
Kjarsgaard (2002) conclude that the HzO/F raGo of the melt and not the presence of alkalies 
alone determines whether or not perovskite- or pyrochlore- structured minerals are precipitated 
Gom carbonaGte magmas, in agreement with the observaGons of Jago and Gittens (1993).
These data suggest that pyrochlore is probably an early liquidus phase in F-bearing 
magmas and perovskite probably forms later on in the evoluGon of the carbonaGte. These 
observaGons imply pyrochlore- and perovskite-group minerals which coexist in a secGon must 
represent the results of magma mixing. Perovskite, after crystallizing in one batch of magma 
could be transported and/or mixed with different pyrochlores and/or perovskites in other batches 
of magma. Therefore, the Gnal assemblage of Nb-minerals that is observed is the result of 
magma mixing. The textural and composiGonal vanaGons that are observed in the Nb-nunerals 
of the Oka carbonaGte complex record the effects of complex interacGons and/or variaGons in 
bulk composiGon of these magmaGc episodes. Some minerals exhibit primary growth features.
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i.e.- continuous composiGonal zoning, while others reGect the instability in their host 
magma, i.e.- overgrowth, .4-site vacancy development, patchy replacement textures.
The CrystallizaGon history of the Oka carbonaGte magma cannot be deduced Gom the 
observed mineral assemblage. The calciocarbonaGte does not represent a liquid composiGon, it 
has a bulk composition which is determined by mixing matenal denved Gom several batches of 
magma The magmas which gave nse to NIOCAN and Bond Zone seem more evolved than 
those G)rming the pyrochlore-group minerals in the St. Lawrence Columbium deposits, as the 
pyrochlores Gom St. Lawrence Columbian are "less-evolved" relaGve to NIOCAN and Bond 
Zone pyrochlores.
The major conclusion of this work is that the calciocarbonaGtes at NIOCAN and Bond 
Zone are hybnd rocks. No simple hypothesis can be devised to explain the sigiGGcant 
concentraGons of pyrochlores in parGcular secGons of host rock. Ennchment of speciGc zones is 
probably dependent upon rheological Gictors rather than composiGonal conGols.
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Drill Locations Gom the Oka carbonatite complex
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APPENDIX n  
SEM-EDS analyses of NIOC AN and Bond Zone minerals
n.2. Perovskite































S2-36.8-gr2 , 52-36.8-wl 52-36.8-1 52-36.8-2 52-36.8-3 5248.25a) 52-48.25a2 52-48.25a3 52-ll9bfn 52-1191X21 52-54.0fll
NmiO 4.50 5.15 2.33 3.69 2.64 4.02 4.00 2.66 3.47 3.08 3.70
MgO 0.00 0.19 0.25 0.14 0.00 2.05 1.89 1.37 0.00 0.00 0.47
AliO) 0.00 0.21 0.23 008 0.14 0.49 0.40 0.49 0.35 .0.48 0.00
s:o% 0.00 0.00 0.78 0.83 1.34 0.00 0.00 0.00 0.98 0.62 0.00
K%0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CmO 27.85 27.82 31.43 28.56 30.56 29.70 29.49 32.32 29.21 29.34 27.94
T:0% 25.74 25.68 29.95 23.71 28.50 20.95 20.95 28.56 30.16 35.53 23.15
MnO 0.41 0.41 0.38 0.09 0.20 0.00 0.00 0.00 0.00 0.00 0.33
FeiO; 0.40 1 49 7.35 7.26 7.48 9.05 8.50 7.86 5.93 3.60 7.46
SrO 0.37 0.47 0.32 0.10 2.18 0.00 0.00 0.00 0.01 0.20 0.57
ZrO% 0.00 0.00 0.00 0.00 0.00 1.57 1.56 1.44 0.00 0.00 0.00
NbiOg 34.11 34.45 22.95 30.46 25.51 31.39 31.67 23.71 25.67 22.19 29.51
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LsiO] 2.60 1.43 0.91 2.39 0.00 0.00 0.00 0.00 0.88 0.26 1.01
Ce^O, 2.71 1.43 1.86 2.81 2.89 0.00 0.00 0.00 2.16 2.49 1.07
NdiOa 0.00 0.62 0.48 0.44 0.00 0.00 0.00 0.00 0.60 0.64 0.65
Sm^O] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.82
PbO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ta%Og 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.71 0.99 2.31
ThO% 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.55 0.00 0.20
UOi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum 98.69 99.25 99.22 100.56 101.44 99.22 98 46 98.41 100.67 99 42 99.20
1.06 1.07 1.02 1.03 1.01 1.04 1.03 1.02 1.00 0.98 1.17
0.92 0.94 1.03 1.00 1 01 1.07 1.05 1.05 1.00 1.01 0.87
End-member Components:
CaThO; 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Tausonite 0.47 0.59 0.42 0.13 2.87 0.00 0.00 0.00 0.01 0.26 0.72
Loparite 9.05 5.43 4.73 9.25 3 04 0.00 0.00 0.00 5 08 3.94 5.28
Lueshite 18 88 22.78 10.14 15.20 12.22 20.50 20.46 13.34 15.70 14.16 17.35
Latrappite 0.93 3.41 17.73 17.27 17.99 22.15 20.86 18.92 14.26 8.68 18.49
Perovskite 47.58 51.01 54.48 41.76 50.45 45.62 46.02 57.97 53.12 61.80 42.40
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APPENDIX n  
SEM-EDS analyses of NIOCAN and Bond Zone minerals
n.3. Zirconolite
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Zirconolite legend
Sum = (,4-site) = Ca + Na + Ce + Nd + Sm + Tb
Sum = (B-site) = Zr + Hf
Sum Ti"*̂  = (C-site) = Ti + Mn + Fe + Mg + Nb + Ta + A1 + Si
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Legend
Analysis Locality Reference
NL-N20 NIOC AN and Bond Zone, this work
Oka
K-1, K-2, K-3, K-4 Kaiserstuhl, Germany Keller and Williams, 1995
Oka-1, Oka-2 Bond Zone, Oka Keller and Williams, 1995
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APPENDIX in  
NIOC AN and Bond Zone drill core logs




























= Ce exceeds 20 at. % of ̂ -site occupancy 
Th exceeds 20 at. % of/i-site occupancy 
U exceeds 20 at. % of ̂ 4-site occupancy
Drill Core
31-160.2
Drill Core # Depth (m)



















































Cal, Ce-Pyro, Mag, Sp, Mtc, Brt 
Ilm, Ap
Cal, Mag, Ce-Pyro, Mtc, Sp, Bt, Brt, Zrnt, 
Ap Bad
• Medium- to-coarse Cal, (U)Pyro, Ap, Mag, Mtc, Sp 
grained Ce-pyro
• Inequigranular
• Medium- to-coarse Cal, Ap, Pyro 
grained
• Inequigranular














Large Ce-pyro’s (0.6 mm) exhibit 
zoning reflecting REE concentration 
increasing from core to rim 
Brt is found infilling fractures of Cal 
Zrnt and Bad are found as inclusions 
within Ap grains 
Brt is found in fractures of Cal 
Large Ce-pyro (0.6 mm) are zoned 
reflecting the REE concentrations 
increasing from core to rim 
Subhedral- to -anhedral (U)Pyro 
(20pm-50pm) exhibiting a dark 
mantling rim upon a light core in BSE 
images. Analysis indicated an increase 
in UO2 from the rim to the core 
Homogeneous subhedral Ce-Pyro 
(20pm-70pm) appear to have no 
relationship to the (U)Pyro 
Small (18pm-60pm) euhedral Pyro’s 
appear homogeneous in BSE imaging, 
occur in clusters surrounded by Cal 
Large (0.6 mm-0.9 mm) euhedral- to -  
subhedral Pyro’s, also homogeneous 
in BSE imaging 
Absence of Nb-mineralization
Absence of Nb-mineralization
Small (15pm-60pm) subhedral- to -  
anhedral Pyro’s exhibit patchy 
discolouration



















































Medium- to-coarse Cal, Ap, Mag, Ilm, 
grained Bt
Inequigranular
Bad, Mtc, Sp, Prv







Cal, Ap, Mag, Ce- 
Pyro
Cal, Ap, Ce-Pyro, 
Mag, Th-pyro
Bt, Brt, Py
Ilm, Brt, Bt, (Ce)Pyro





Cal, Ap, Bt, Mag, 
Mtc
Sp, Brt, Prv, Bad
Ap exhibits two distinct zones 
reflecting REE concentrations (dark 
core-light rim)
Prv appears mottled in the BSE image 
Bad is found in fractures o f Cal 
(Ce)Pyro is subhedral and metamict, 
riddled with impurities, as inferred 
from low analysis totals and 
significant ,4-site vacancies 
Ce-Pyro is also subhedral and exhibits 
patchy alteration, shown in BSE 
imaging
Subhedral altered Ce-Pyro exhibit 
patehy zoning, correlating with REE 
contents
Subhedral altered Ce-Pyro and 
(Ce)Pyro exhibit patchy zoning, 
correlating with REE contents 
Mag and Ilm are found associated 
together, often intergrown with each 
other
Small anhedral Zrnt are found infilling 
fractures within the calcite, and along 
boundaries of Ap and Cal 
Large phenocrysts o f Mag, Ap, and 
subhedral altered Ce-Pyro are found in 
a groundmass of Cal 
Ce-Pyro exhibit patchy zoning 
correlating with REE contents 
Small (20pm) Prv are found with 
slight patchy alteration correlating 
with REE contents 













































52-36.8 C al ciocarbonat ite
• Porphyritic texture Cal, Ap, Mag
Major minerais Accessory minerals Paragenetic features
Prv, Zrnt, Bt, Ilm, Str
• Porphyritic texture Cal, Mag, Ap, Mtc Bt, Ce-Pyro, Sp, Prv,
Zrnt, Brt, Str
• Coarse grained Cal, Ap, Mag, Bt U-Pyro, Ce-Pyro, Pyro,










Ncl, Str, Sp, 11m, Mag., 
Prv
Zrnt and Str often occur rimming the 
Bt grains
Small (40-70pm) Prv occurs in 
clusters, showing slight alteration 
Small subhedral (60pm) highly-altered 
Ce-Pyro occur with inclusions of Cal, 
Brt and Str
Mtc, Ap, and Mag occur as 
phenocrysts in a groundmass of 
interlocking fine grained Cal 
Subhedral U-Pyro show slight patchy 
zoning representing changes in REE 
content
Subhedral small (20-50pm) clusters of 
Ce-Pyro
Euhedral, unaltered, homogeneous 
Pyro, found with no association to the 
Ce-Pyro or the U-Pyro 
Ce-pyro are mantled, exhibiting 
alteration around the rim, including 
bleached zones and fractures at the rim 
Th-Pyro and (Th)Pyro are small, 
euhedral, and show concentric zoning, 
reflecting REE concentrations that 
increase from core to rim 
Small euhedral Ncl are found 
interstitial to Prv and Mag 



































































Cal, Ap, Mag, Ce- Py, U-Pyro, Gn, Ncl, 
Pyro Prv, Brt, Badd




Ncl, Bt, Ce-Pyro, Py, 
Mag
(U)Pyro, Ce-Pyro, Bt
Cal, Ap, Mag Py, Ce-Pyro
Cal, Bt, Mtc, Ap Py, Mag, Ce-Pyro, Brt, 
Calz, Sp
Cal, Mtc, Ap, Mag Prv, Calz, Zrnt, Ce- 
Pyro, U-Pyro, Brt
Euhedral Prv is found surrounding 
anhedral Mag and anhedral Ap 
U-Pyro and Ce-Pyro are subhedral, 
oscillatory zoned and are found in 
clusters
Euhedral- to -subhedral oscillatory 
zoned U-Pyro and Ce-Pyro are 
unaltered, with analysis revealing low 
/4-site vacancies
Ncl, Prv, U-Pyro, and Ce-Pyro all are 
found to occur together 
Ap exhibits concentric zoning with 
high REE contents along the rim of the 
crystals
Euhedral Ncl and subhedral Ce-Pyro 
occur clustered together 
(U)Pyro display discoloured turbid 
patches and are extremely altered, and 
also occur as inclusions within REE- 
rich Ap
Ce-Pyro are also found as inclusions 
within zoned REE-rich apatites 
however do not show alteration 
Subhedral Ce-Pyro are absent of 
zoning
Subhedral Ce-Pyro exhibit bleached 
zones and are riddled with impurities 
Calz is found infilling fractures within 
Cal grains
Subhedral Ce-Pyro exhibit bleached 
zones and are riddled with impurities 
Calz and Zrnt are found associated 
with each other, often appearing 


















































Cal, Ce-Pyro, Ap Bt, Py
Cal, Ap, Mag, Bt U-Pyro, Zrnt, Brt
Cal, Ap, Mag
Cal, Ap, Mag, Ce- 
Pyro
(U)Pyro, Calz, Bt, Bad, 
Zrnt
Zrnt, Sp, Brt, Mtc, Bt
Cal, Ap, Mag Brt, Bt, Ce-Pyro, Th-
pyro______________
Small clusters (0.1-0.22 mm) of 
subhedral Ce-Pyro exhibit low 
temperature alteration 
Ap inclusions were identified within 
Ce-Pyro grains
Larger Ce-Pyro (1.4 mm) exhibit 
fractures that have been filled in with 
Cal, have patchy zoning and low 
temperature alteration around the rim 
of the grains
Zrnt are found attached to U-Pyro 
grains
U-Pyro are large (1.0-1.5mm) show 
some (factures, and are turbid 
Calz are found attached to the (U)Pyro 
grains, while Zrnt is found in close 
association with the (U)Pyro 
(U)Pyro exhibits patchy zoning and 
infilling of fractures with calcite and 
apatite
Small (50pm) subhedral grains 
Invariant in composition, grains have 
Zrnt inclusions and exhibit 
discoloured zones and patches 
Inclusions of oscillatory zoned REE- 
rich apatites are also found within a 
few larger Ce-Pyro 
Small (50pm) Ce-pyro are subhedral 
and moderately fractured____________
APPENDIX IV
Representative compositions of pyrochlore group minerals from carbonatites and alkaline
complexes worldwide.
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
Analyses Locality General Reference Rock Type Pyrochlore
classification
Lu-mgl Lueshe Nasraoui and Bilah, 2000 calciocarbonatite Pyrochlore
Lu-h2 Lueshe Nasraoui and Bilah, 2000 calciocarbonatite Strontium pyrochlore
Lu-wl Lueshe Nasraoui and Bilah, 2000 calciocarbonatite Cerium pyrochlore
Nd-Ul Ndale Hogarth and Home, 1989 calcite-rich tuff Uranpyrochlore
Ver-1, Fir-1 Blue River Simandl etal. 2001 magnesiocarbonatite Tantalum pyrochlore
Sok-1 Sokli Lindqvist et al. 1979 calciocarbonatite Pyrochlore









Bingo Williams et al. 1997 calciocarbonatite Bariopyrochlore
Bin-3 Bingo Williams et al. 1997 calciocarbonatite Uranoan pyrochlore





Chakhmouradian et al. 
1998
apatite-dolomite carbonatite Thorium pyrochlore
Kov-1, Kov-
3
Kovdor C.T. Williams, 1996 alkaline complex Uranpyrochlore
Kov-2 Kovdor C.T. Ŵ Uiams, 1996 alkaline complex Uranoan pyrochlore
Chi-1 Chilwa Island Hogarth et al. 2000 calciocarbonatite Pyrochlore
Fen-1 Fen Hogarth et al. 2000 calciocarbonatite Uranoan pyrochlore
Fen-2 Fen Hogarth et al. 2000 calciocarbonatite Uranpyrochlore
Fen-3, Fen-4 Fen Hogarth et al. 2000 calciocarbonatite Pyrochlore
Qaq-1 Qaqarssuk C. Knudsen, 1989 calciocarbonatite Pyrochlore
Qaq-2 Qaqarssuk C. Knudsen, 1989 calciocarbonatite Uranpyrochlore
Mt-W-A,
Mt-W-B
Mt. Weld Lottermoser and England. 
1988
Latente carbonatite Cerium pyrochlore
Mt-W-C,
Mt-W-D
Mt. Weld Lottermoser and England, 
1988
Laterite carbonatite Stontium pyrochlore
Mt-W.E,Mt-
W-E2








Prairie Lake Hammond, 1999 calciocarbonatite Uranpyrochlore





Lovozero Chakhmouradian and 
Mitchell, 2002
alkaline complex - Uranpyrochlore
Lovo-4 Lovozero Chakhmouradian and 
Mitchell, 2002
alkaline complex Thorium pyrochlore
Lovo-5,
Lovo-6
Lovozero Chakhmouradian and 
MitcbeU, 2002
alkaline complex Cerium pyrochlore
New-1 to 6 Newania Viladkar and Chose. 2002 dolomite carbonatite Uranoan pvrochlore
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
Lu-wl Nd-Ul Ver-1 Flr-1 Sok-1 Sok-2
7.900 2.400 0.260 5.290 7.190 7.680 3.720 1.160
AI2 O 3 0 . 0 0 0 0 . 0 0 0 1.390 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0.030 0.160
S iO : 0 . 0 0 0 1.830 0 . 2 1 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0.050 0.610
KiO 0 . 0 1 0 0.280 2.840 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
CmO 14.69 8.800 1.280 8.690 13.73 14.87 16.63 9.290
T iO i 3.340 2.930 2.400 9.270 2.680 1.620 4.450 0.570
MnO 0 , 0 1 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0.070 0.080
FC2O 3 0.060 1.870 4.160 0.640 0 . 1 0 0 0 . 0 2 0 2.470 1.300
SrO 1.330 5.830 1.320 0.160 0.460 0.810 0 . 0 0 0 0 . 0 0 0
YiOa 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0.170 0.130 0.140 0 . 0 0 0 0 . 0 0 0
ZrO; 0.030 0 . 0 2 0 0 . 0 0 0 0.280 0 . 0 0 0 0 . 0 0 0 2 . 2 0 0 3.350
66.94 64.30 63.13 32.30 60.33 6 6 . 2 1 52.19 48.94
BaO 0 . 1 1 0 0.015 0.160 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
L a jO s 0.320 1.470 0 . 1 2 0 0 . 1 2 0 0 . 1 1 0 0 . 1 0 0 0 . 0 0 0 0 . 0 0 0
CeiO, 0.680 3.060 10.63 0 . 2 1 0 0.270 0.250 1.380 1 . 0 1 0
PriO, 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
NdiOa 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
P b O 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0.060 0 . 0 1 0 0 . 0 0 0 0 . 0 0 0
TaiO; 0.270 0 . 0 0 0 0 . 0 0 0 15.76 6.890 4.490 0.800 1 0 . 0 1
T h O i 0.090 0 . 0 0 0 0 . 0 0 0 0.070 0.180 0.730 3.670 2.080
U O : 0.160 0 . 0 0 0 0 . 0 0 0 26.44 4.280 0.030 0.300 27.52
F 5.100 1.730 2.790 0.190 4.170 5.150 5.700 1.600
S u m 101.14 94.54 92.19 9 9 jl 100.65 102.13 93.66 107.58
Na 0.928 0.270 0.027 0.775 0.892 0.919 0.478 0.157
K 0 .0 0 1 0 . 0 2 1 0.198 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
Ca 0.953 0.546 0.075 0.703 0.942 0.984 1.181 0.694
M n 0 . 0 0 1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0.004 0.005
Sr 0.047 0.127 0.027 0.026 0.017 0.029 0 . 0 0 0 0 . 0 0 0
Y 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 1 2 0.004 0.005 0 . 0 0 0 0 . 0 0 0
Ba 0 . 0 0 0 0.003 0.003 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
La 0 . 0 1 0 0.031 0 . 0 0 2 0 . 0 0 1 0.003 0 . 0 0 2 0 . 0 0 0 0 . 0 0 0
Ce 0 . 0 2 0 0.065 0.213 0.005 0.006 0.006 0.033 0.026
Pr 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
Nd 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
P b 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
T h 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0.003 0 . 0 1 0 0.055 0.033
U 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 2 0 1 0.061 0 . 0 0 0 0.004 0.427
S ite  A 1.960 1.060 Q.546 1.980 1.929 1.956 1.756 1.341
A-def 0.040 0.940 1.454 0.020 0.071 0.044 0.244 0.651
AI 0 . 0 0 0 0 . 0 0 0 0.090 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 2 0.013
Si 0 . 0 2 0 0.106 0 . 0 1 1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0.003 0.043
Ti 0.150 0.128 0.099 0.165 0.129 0.075 0 . 2 2 2 0.030
Fe 0 . 0 0 0 0.082 0.171 0 . 0 1 2 0.005 0 . 0 0 1 0.123 0.068
Zr 0 . 0 0 0 0.006 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0.071 0.114
Nb 1.830 1.684 1.560 1.742 1.746 1.848 1.564 1.543
Ta 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0.081 0 . 1 2 0 0.075 0.014 0.190
SheB 2.000 2.000 2.090 2.000 2.000 2.000 2.000 1000
F 0.977 0.317 0.482 0.320 0.844 1.006 1.195 0.353
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
Kov-1 Kov-2 Kov-3 Chi-1 Fen-1 Fen-2 Fen-3 Fen-4
Na%0 3.910 5.360 5.140 5.180 2.380 0.000 6.440 6.580
AI2 O 3 0.000 0.000 0 . 0 0 0 0.050 0,140 0.190 0 . 0 0 0 0.000
SiO; 0.000 0.000 0 . 0 0 0 0.110 0.130 0.560 0.050 0.050
K] 0 0.000 0.000 0.000 0.100 0.000 0.000 0.000 0.000
CmO 9.180 11.29 10.33 16.45 16.01 8.700 15.75 17.10
TiO; 3.820 5.140 4.660 2.920 8.790 9.470 2.670 3.420
MnO 0.050 0.050 0.090 0.050 0.290 0.680 0.000 0.000
Fe,03 1.350 0.890 0.750 0.900 1.260 1.650 0.870 0.360
SrO "0 . 3 0 0 0.230 0.240 0.450 0.370 0.980 0.230 0.260
Y2O3 0.050 0.050 0.050 0.000 0.090 0.200 0.340 0.320
ZrO; 3.090 2.510 3.020 0.350 0.100 0.100 3.240 1.640
NbiO; 38.57 45.32 43.20 63.96 41.55 45.36 63.20 65.16
BmO 0.000 0.000 0.000 0.060 0.130 0.640 0.000 0.000
L a z O j 0 . 1 1 0 0.100 0 . 1 0 0 0.210 0.050 0.050 0.250 0.130
C szO j 0.180 0.120 0.280 1.940 0 . 1 0 0 0.130 2.360 1.190
Pr^O, 0.000 0.000 0.000 0.100 0.000 0.000 0.000 0.000
Nd^O) 0.000 0.000 0.000 0.150 0.000 0.000 0.290 0.050
PbO 1.140 0.920 1.210 0.460 2.140 1.960 0.000 0.000
TmiO; 14.57 9.420 9.720 0.080 6.190 6.190 0.080 0.050
ThO; 1.810 2.100 0.830 1.440 0 . 1 0 0 0 . 1 0 0 0.990 1 . 0 1 0
UO2 20.42 15.91 18.75 0.100 17.53 19.84 0 . 1 0 0 0 . 1 0 0
F 0.470 1.020 1.030 2.420 1.640 0.460 4.970 4.790
S u m 98.92 99.80 98.82 97.72 99 JO 9894 99J9 100 JO
Na 0.566 0.722 0.719 0.625 0.325 0.000 0.759 0.769
K 0.000 0.000 0 . 0 0 0 0.008 0.000 0.000 0.000 0 . 0 0 0
Ca 0.734 0.840 0.799 1.096 1.209 0.594 1.026 1.105
M n 0.000 0.000 0.006 0.003 0.017 0.037 0.000 0.000
Sr 0.008 0.006 0.007 0.016 0.015 0.036 0.008 0.009
Y 0.000 0 . 0 0 0 0.000 0.000 0.003 0.007 0 . 0 1 1 0.010
B a 0.000 0.000 0.000 0.001 0.004 0.016 0.000 0.000
La 0.003 0.000 0 . 0 0 0 0.005 0.001 0.001 0.006 0.003
Ce 0.005 0.003 0.007 0.044 0.003 0.003 0.053 0.026
Pr 0 . 0 0 0 0.000 0 . 0 0 0 0.002 0.000 0.000 0.000 0.000
Nd 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0.003 0 . 0 0 0 0.000 0.006 0.001
Pb 0.023 0.017 0.024 0.008 0.041 0.034 0.000 0.000
Th 0.031 0.033 0.014 0.020 0.002 0 . 0 0 1 0,014 0.014
V 0.339 0.246 0.301 0 . 0 0 1 0.275 0.281 0.001 0.001
S ite  A 1.709 1JM7 L876 L833 1J95 1.010 1.884 1J39
A-<kf 0.291 0.133 0.124 0.167 0.105 0J90 8116 0.061
AI 0.000 0 . 0 0 0 0.000 0.004 0.012 0.014 0 . 0 0 0 0.000
Si 0.000 0 . 0 0 0 0 , 0 0 0 0.007 0.009 0.036 0.003 0.003
Ti 0.214 0.268 0.253 0.137 0.466 0.454 0 . 1 2 2 0.155
Fe 0.076 0.046 0.041 0.042 0.067 0.079 0.040 0.016
Zr 0.112 0.085 0.106 0.011 0.003 0.003 0.096 0.048
Nb 1.302 1.422 1.409 1.799 1.324 1.307 1.738 1.777
Ta 0.296 0.178 0.191 0.001 0.119 0.107 0.001 0.001
Site B 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
F 0.111 0.224 0.235 0.476 0.366 0.093 0.956 0.913
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited w ithout perm iss ion .
PL-1 PL-2 PL-3 PL-4 PL-5 PLr6 PL-7 PL-8
Nm%0 0.000 0.000 4.890 0.890 2.330 0.720 0.640 0.000
AlzOj 0.870 0.640 0.000 0.580 0.000 1.440 0.660 0.000
SiO i 7.520 5.540 0.870 3.230 1.650 8.150 3.180 4.930
K%0 0.400 0.410 0.000 0.000 0.000 0.000 0.000 0.000
CmO 12.98 13.22 16.62 13.77 18.94 13.74 12.18 10.48
T iO , 10.77 11.37 11.91 11.42 11.68 11.77 12.32 9.67
MnO 0.000 0 . 0 0 0 0.000 0.000 0.220 0.280 0.000 0.310
Fe:Oa 1.020 1.080 0.000 0.470 0.280 0.470 0.310 2.730
SrO '5.090 5.200 0.770 2.040 2.780 3.470 3.400 2.550
Y iO ) 0.000 0.000 0.000 0.000 0.000 0 . 0 0 0 0.000 0.000
Z rO i 0.000 0.000 0.000 0.000 1.140 0.800 1.000 0 . 0 0 0
Nb%0, 38.32 41.14 42.62 34.57 36.86 33.28 30.31 40.01
BmO 0.000 0.000 0 . 0 0 0 0.000 0 . 0 0 0 0.000 0.000 0 . 0 0 0
L a jO j 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ce^O) 0.830 1.000 1.130 1.220 0.880 0.000 0.000 1.250
Pr:03 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
NdiO ; 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
PbO 0.000 0.000 1.880 0.790 1.280 0.000 2.070 1.600
Tm :0, 0.000 0 . 0 0 0 0 , 0 0 0 0.000 0 . 0 0 0 0.000 2.420 1430
ThO; 0.000 0.770 0.770 0.000 0.000 0 . 0 0 0 0.000 1.470
UO; 13.78 14.01 16.28 13.13 9.640 23.48 18.05 17.68
F 0.000 0.000 0 . 0 0 0 0.000 0.000 0.000 0.000 0 . 0 0 0
S u m 91J8 94J8 97.74 82.11 87.68 97.6 8824 95.11
Na 0.000 0.000 0.652 0.121 0.324 0.081 0.088 0 . 0 0 0
K 0.029 0.031 0.000 0.000 0.000 0.000 0.000 0.000
Ca 0.801 0.827 1.224 1.036 1.457 0.854 0.927 0.680
M n 0.000 0 . 0 0 0 0.000 0.000 0.013 0.014 0.000 0.016
Sr 0.170 0.176 0.031 0.083 0.116 0.117 0.140 0.090
Y 0.000 0.000 0.000 0.000 0 . 0 0 0 0 . 0 0 0 0.000 0.000
Ba 0 . 0 0 0 0.000 0.000 0.000 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0.000
La 0.000 0.000 0 . 0 0 0 0.000 0.000 0 . 0 0 0 0.000 0.000
Ce 0.017 0 . 0 2 1 0.028 0.031 0.023 0 . 0 0 0 0 . 0 0 0 0.028
Pr 0 . 0 0 0 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Nd 0.000 0 . 0 0 0 0.000 0.000 0.000 0.000 0.000 0.000
Pb 0.000 0.000 0.035 0.000 0.000 0.025 0.000 0.040
Th 0 . 0 0 0 0.010 0.012 0.000 0.000 0 . 0 0 0 0.000 0.020
U 0.177 0.182 0.249 0.205 0.154 0.303 0.285 0.238
Site A 1.194 2.231 1.247 L492 2.112 U 6 8 1.479 1.098
A -def ejo 6 8000 0.743 8308 0.000 0.632 0J21 0.902
AI 0.059 0.044 0.000 0.048 0 . 0 0 0 0.098 0.055 0.000
Si 0.433 0.323 0.060 0.227 0.118 0.473 0 J2 6 0.299
Ti 0.466 0.499 0.616 0.603 0.630 0.513 0.658 0.441
Fe 0.044 0.047 0.000 0.025 0.015 0.021 0.017 0.124
Zr 0.000 0.000 0.000 0.000 0.040 0.023 0.035 0 . 0 0 0
Nb 0.998 1.086 1.325 1.097 1.196 0.873 0.963 1.096
Ta 0.000 0.000 0.000 0.000 0.000 0.000 0.047 0.040
SiteB le e o 2.000 2.000 2.000 2.000 2J00 2.000 1000
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Bin-1 Bin-2 Bin-3 Bin-4 Bin-5 Bin-6 Bin-7 Bin-8
4.730 0.090 0.140 8.170 0.050 5.860 1.600 0.200
AI2 O 3 0.050 0.840 1.520 0.050 1.700 0.050 0.130 0.140
SiO: 1.310 9.420 14.80 0.250 4.590 1.080 1.600 1.450
K iO 0.090 0.070 0.350 0.050 0.250 0.090 0.080 0.070
CmO 13.82 4.160 5.670 15.55 0 . 2 0 0 14.08 . 11.71 9.74
TiO: 0.820 2.510 3.350 2.870 1.770 0.820 0.980 1.400
M nO 0.050 0.740 0.070 0.050 0.050 0.060 0.050 2.620
FezO) 1.010 2.160 2.260 0.510 3.300 1.080 1.620 5.850
SrO 1.890 2.980 5.730 1.100 0.580 1.340 3.470 0.180
Y , 0 3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
ZrO: 1.810 1.100 0.700 2.330 3.120 2.610 4.140 0.630
NbzO, 65.11 48.02 40.92 65.20 62.94 64.50 64.02 65.12
BmO 0.570 12.39 5.360 0.090 9.880 0.170 1.090 0.930
LmzO; 0.070 0.270 0.310 0.060 0.060 0.190 0.090 0.620
CczOa 0.280 2.330 1.050 0.180 0.320 0 . 2 1 0 0.270 2 . 0 1 0
P r iO , 0.000 0.000 0.000 0.000 0 . 0 0 0 0.000 0.000 0.000
NdzO) 0.000 0 . 0 0 0 0.000 0.000 0 . 0 0 0 0.000 0 . 0 0 0 0.000
P bO 1.080 0.550 0 . 1 0 0 0 . 1 0 0 0.100 0.100 2.670 0.100
TmiO; 0 . 1 0 0 0 . 1 0 0 0.100 0 . 1 1 0 0.520 0.110 0.130 0.100
ThOi 0.230 0.300 0.100 0.100 1.090 0 . 1 0 0 0.140 0.340
UO: 0.320 2.920 8.160 0 . 1 2 0 0.820 0 . 1 2 0 0.140 0.830
F 3.400 0.300 0.230 4.500 0.820 4.500 1.950 0 . 1 0 0
Sum 9854 91.25 90.62 101.04 91.14 99.15 95.01 92.13
Nm 0.555 0.010 0.014 0.947 0.000 0.690 0.179 0 . 0 2 1
K 0.007 0.005 0.023 0.000 0.016 0.007 0.006 0.005
Cm 0.897 0.246 0.306 0.996 0.011 0.916 0.723 0.567
Mn 0.000 0.035 0.003 0.000 0.000 0.003 0.000 0 . 1 2 1
Sr 0.066 0.095 0.168 0.038 0.017 0.047 0.116 0006
Y 0.000 0 . 0 0 0 0 . 0 0 0 0.000 0 . 0 0 0 0.000 0.000 0.000
Ba 0.014 0.268 0.106 0.002 0.191 0.004 0.025 0.020
La 0 . 0 0 2 0.006 0.006 0 . 0 0 1 0.001 0.004 0.002 0 . 0 1 2
Ce 0.006 0.047 0.019 0.004 0.006 0.005 0.006 0.040
Pr 0.000 0.000 0.000 0.000 0 . 0 0 0 0.000 0.000 0.000
Nd 0.000 0.000 0.000 0.000 0 . 0 0 0 0.000 0.000 0.000
P b 0.018 0.008 0.000 0.000 0 . 0 0 0 0 . 0 0 0 0.041 0.000
Th 0.003 0.004 0 . 0 0 0 0.000 0 . 0 1 2 0.000 0.002 0.004
U 0.004 0.036 0.092 0.002 0.009 0 . 0 0 2 0.002 0 . 0 1 0
Site A 1J71 0.760 0.736 1.994 8263 1.994 1.101 8806
A -d ef 0.429 1.240 1.264 0.006 1.737 8006 8899 1.194
AI 0.009 0.032 0.043 0.000 0.099 0.000 0.009 0.003
Si 0.092 0.160 0.761 0.066 0.227 0.080 0.079 0.075
Ti 0.042 0.077 0.048 0.037 0.066 0.037 0.057 0.052
Fe 0.070 0.132 0.115 0.049 0 . 1 2 2 0.046 0.238 0.205
Zr 0.116 0.083 0.042 0.077 0.075 0,053 0.017 0.014
Nb 1.668 1.515 0.988 1.770 1.404 1.783 1.600 1.649
Ta 0.002 0.002 0.003 0.000 0.007 0.000 0.000 0 . 0 0 2
SiteB 2.000 2.000 2.000 2.000 2J00 2.000 2.000 2.000
F 0.651 0.052 0.037 0.851 0.000 0.751 0.355 0.000
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Lovo-1 Lovo-2 Love-3 Lovo-4 Lovo-5 Lovo-6 Qaq-1 Qaq-2
Nm:0 6.900 5.240 1 . 0 1 0 6.730 5.960 6.030 8.190 0.320
A ljO j 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
SiO: 0.360 0 . 0 0 0 0 . 0 0 0 0.000 0.510 0.660 2.490 0.810
K:0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
CmO 14.79 5.470 2.690 15.61 8.770 8.710 14.31 5.560
TiO: 9.430 9.010 9.450 9.270 9.040 8.800 3.690 3.880
MnO 0.010 0 . 0 0 0 0.000 0.000 1.110 0.980 0.000 0 . 0 0 0
Fc:0: 0.080 0.000 0.070 0.090 0.420 0.530 0.490 1.720
SrO 3.670 3.000 1.910 1.730 0.950 0.720 0.000 1.160
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
ZrO: 0.000 0.000 0.000 0.000 0.000 0.000 0.070 0.460
Nb:0; 59.67 45.88 46.00 59.66 62.17 62.76 64.15 30.07
BaO 0.000 0.000 0.000 0.000 1 . 1 1 0 1.270 0.000 2.050
L e i G j 0.470 1.170 2.040 0.630 1.870 1.680 0.370 0.440
CeiO: 0.980 2.890 3.520 1.270 2.820 3.010 1.410 0.730
Pr:0: 0.000 0.000 0.000 0.000 0.230 0.370 0.000 0.000
Nd:0: 0.000 1.040 0.470 0.660 1.010 1.060 0.350 0.020
PbO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Tm:0; 0.230 1.940 1.570 0.000 0.000 0.340 0.020 23.07
ThO: 0.000 0 . 0 0 0 0 . 0 0 0 3.560 1.550 0.550 0.240 0.070
UO: 0.890 20.73 26.35 0.000 0.870 1.670 0.350 20.32
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 . 0 0 0
Sum 97.48 9837 95.08 99.21 9839 99.14 96.13 90.68
Nm 0.774 0.725 0.138 0.767 0.647 0.647 0.987 0.051
K 0.000 0.000 0 . 0 0 0 0.000 0.000 0.000 0.000 0.000
Cm 0.917 0.418 0.203 0.983 0.526 0.516 0.953 0.490
Mn 0 . 0 0 0 0.000 0.000 0.000 0.053 0.046 0.000 0 . 0 0 0
Sr 0.123 0.124 0.078 0.059 0.031 0.023 0.000 0.055
Y 0.000 0.000 0.000 0.000 0 . 0 0 0 0.000 0.000 0.000
Ba 0.000 0.000 0.000 0.000 0.024 0.028 0.000 0.066
La 0 . 0 1 0 0.031 0.053 0.014 0.039 0.034 0.008 0.013
Ce 0 . 0 2 1 0.075 0.091 0.027 0.058 0.061 0.032 0.022
Pr 0.000 0.000 0 . 0 0 0 0.000 0.005 0.007 0.000 0.000
Nd 0.000 0.026 0.012 0.014 0.020 0.021 0.008 0 . 0 0 1
Pb 0 . 0 0 0 0.000 0.000 0.000 0.000 0 . 0 0 0 0.000 0.000
Th 0.000 0.000 0.000 0.048 0.020 0.007 0.003 0.001
U 0.011 0.329 0.413 0.000 0.011 0.021 0.005 0.372
Site A 1J56 1.728 0.988 1.912 1.434 1.411 L996 1.071
A-def 0.144 0.272 1.012 8088 9.566 0J89 8004 8929
At 0.000 0.000 0.000 0.000 0 . 0 0 0 0.000 0.000 0.000
Si 0 . 0 2 1 0 . 0 0 0 0.000 0.000 0.029 0.037 0.155 0.067
Ti 0.410 0.483 0.501 0.410 0.381 0.366 0.172 0.240
Fe 0.003 0.000 0.004 0.004 0.018 0.022 0.023 0.106
Zr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Nb 1.562 1.479 1.465 1.586 1.572 1.570 1.650 1.071
Ta 0.004 0.038 0.030 0.000 0.000 0.005 0.000 0.516
SiteB 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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PL-9 PL-10 Mt-W-A Mt-W-B Mt-W-C Mt-W-D Mt-W-E Mt-W-E2
N#]0 2.080 0.300 5.600 7200 2.600 3.300 7.900 5.700
AI2O3 0.000 1.780 0.000 0.000 0.000 0.000 0.000 0.000
SiOi 2.050 5.850 0.000 0.000 0.000 0.000 0.000 0.000
K%0 0.000 0.310 0.000 0.000 0.000 0.000 0.000 0.000
CmO 13.68 14.88 2.800 0.500 4.600 6.000 . 14.80 12.50
TiO: 15.34 8.740 2.100 2.600 3.500 2.400 2.900 0.000
MnO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe:0: 0.370 1.340 0.300 0.000 0.500 2.300 0.000 0.300
SrO "0.840 4.220 5.200 0.000 14.00 10.40 3.100 3.400
Y:0: 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
ZrO: 3.280 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Nb:0, 25.35 30.50 63.30 62.70 67.10 57.20 67.90 68.10
BmO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
L ajO j 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
CCjO) 1.690 0.820 13.20 23.60 0.000 1.800 0.000 0.000
Pr:0: 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Nd:0: 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
PbO 3.300 2.360 0.000 0.000 0.000 0.000 0.000 0.000
Tm:0, 2.260 0.000 0.000 0.000 0.000 0.000 0.000 0.000
ThO: 1.570 3.200 0.000 0.000 0.000 0.000 0.000 0.000
UO: 24.84 18.19 0.000 0.000 0.000 0.000 0.000 0.000
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sum 96.65 92.79 92.60 96JI0 92.30 83.40 96.78 89.00
Na 0.293 0.040 0.704 0.848 0.311 0.437 0.864 0.675
K 0.000 0.027 0.000 0.000 0.000 0.000 0.000 0.000
Cm 1.064 1.088 0.194 0.032 0.304 0.439 0.894 0.818
Mn 0.000 0.017 0.000 0.000 0.000 0.000 0.000 0.000
Sr 0.035 0.167 0.260 0.000 0.500 0.412 0.101 0.120
Y 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Bm 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Lm 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ce 0.045 0.020 0.298 0.500 0.000 0.042 0.000 0.000
Pr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Nd 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Pb 0.026 0.065 0.000 0.000 0.000 0.000 0.000 0.000
Th 0.026 0.050 0.000 0.000 0.000 0.000 0.000 0.000
U 0.401 0.276 0.000 0.000 0.000 0.000 0.000 0.000
Site A 1.930 1.729 1.392 1.381 1.116 1.332 1.853 1.614
A-def 8.070 0.271 0.608 0.619 0J84 0.668 0.147 0J86
AI 0.000 0.143 0.000 0.000 0.000 0.000 0.000 0.000
Si 0.149 0.399 0.000 0.000 0.000 0.000 0.000 0.000
Ti 0.838 0.448 0.102 0.118 0.152 0.123 0.122 0.013
Fe 0.020 0.069 0.014 0.000 0.023 0.118 0.000 0.000
Zr 0.116 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mb 0.832 0.941 1.855 1.721 1.872 1.767 1.730 1.881
Tm 0.045 0.000 0.000 0.000 0.000 0.000 0.000 0.000
SiteB 2.000 1000 1.972 1J40 2.057 2.009 1J59 1J94
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Bin-9 Bin-10 Bin-11 Bin-12 Bin-13 Kola-1 Koln-2 Kola-3
0.200 0.080 0.400 0.440 0.080 7.240 7.270 6.870
A ljO j 0.050 0.720 1.390 1.400 0.800 0 . 0 0 0 0 . 0 0 0 0.000
SiOi 1.340 15.04 11.42 10.93 1 1 . 1 1 0.000 0.000 0.000
K:0 0.050 0 . 2 0 0 11210 0.240 0.250 0.000 0.000 0.000
CaO 10.18 6.230 6.480 6 480 4.050 13.68 1247 12.57
TiO; 1.230 1.270 3400 2.990 2.800 2.620 3.000 2.720
MnO 2.560 0.090 0440 0.240 0430 0 . 0 0 0 0.000 0.000
FciO] 4.8% 3.030 2460 2.600 1580 0 . 1 1 0 0410 0.210
SrO *0.240 6440 4 980 5.000 2 . 1 1 0 1.150 14% 1.070
Y:0, 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
ZrO; 0.520 1.700 1480 L220 0.530 0.000 0 . 0 0 0 0.000
N bjO s 6545 43 17 44.00 42.91 47.65 6745 65.93 64.97
BaO 1.8&0 5.640 7.910 7.290 13.10 0.000 0.000 0.000
LaiO; 0.440 0 J3 0 0.230 0 4 M 0480 0410 0.420 0.000
CC;0, 2 110 0.600 3470 3.130 0.890 1850 2.070 1.940
P % 0 , 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Nd,0, 0.000 0.000 0.000 0.000 0.000 0.400 1.030 0.940
PbO OlOO 0400 o i œ 2 4 M 0400 0.000 0.000 0.000
0J3 0 0.200 0 . 1 0 0 OIW 0 . 1 0 0 0.000 0 . 0 0 0 0.000
TbOi 0.460 0 , 1 0 0 0.150 0.150 0 . 1 0 0 2.430 3.420 3 880
uo% 0.240 7.680 2.630 2.560 6.990 0.000 0.000 0.000
F 0 100 0 . 1 1 0 0.620 0.750 0480 0 . 0 0 0 0.000 0.000
Sum 9 1 ^ 92.18 90.61 90.69 92.46 96.94 97.16 96.17
Na 0.022 0408 0 041 0.046 &M8 0.864 0.877 0.844
K 0.000 0.013 0.014 0.017 0.017 0.000 0.000 0 . 0 0 0
Ca 0.612 0.338 0467 0.377 0.233 0 902 0.851 0.853
Mn 0.126 0.004 0.006 0 . 0 1 1 0.006 0 . 0 0 0 0.000 0 . 0 0 0
Sr 0.008 0480 0.152 0.158 0.066 0 041 0.041 04 M
Y 0.000 0.000 0.000 0 . 0 0 0 0.000 0.000 0 . 0 0 0 0.000
Ba 0.041 0 . 1 1 2 0.164 0.155 0.276 0.000 0 . 0 0 0 0.000
La 0.009 0.006 0.004 0.006 0.004 0.002 13410 0 . 0 0 0
Cc 0.000 0 . 0 1 1 04K5 0 062 0.018 0442 0447 0.045
Pr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Nd 0.000 0.000 0.000 0.000 0.000 0.009 0423 0 . 0 2 1
Pb 0.000 0.000 0.000 11035 0.000 0.000 0.000 0.000
Th 0.006 0.000 0 . 0 0 2 0.002 0 . 0 0 0 0.034 0.048 0.056
U 0.W3 0.086 0.031 0.031 0.084 0.000 0.000 0 . 0 0 0
Site A 0.872 0.759 0.846 0.900 11712 L894 L897 1.838
Ankf 1U% 1.241 L154 1.100 0.106 0.163 11142
Ai 0.090 0CK7 0.090 0.051 0 055 0.000 0.000 0.000
Si 0.747 0402 0.594 0 598 0.521 0.000 0 . 0 0 0 0 . 0 0 0
Ti 0.127 0.123 0422 0.113 0.104 0421 0.140 0.130
Fe 0.086 0 . 1 1 0 0.106 0.064 0.090 0.005 0405 0.010
Zr 0.017 0428 0.032 0.014 0.030 0.000 0.000 0.000
N b 0.933 1450 1455 1459 L200 1874 1854 1.860
Ta 0.000 0.000 0 . 0 0 0 0401 0CW2 0.000 0.000 0 . 0 0 0
SkeB 2.000 zeo o 2.000 2.000 1000 2.000 2.060 2.600
F 0.000 (3 018 0404 0429 0.031 0.000 0.000 0.000
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New-1 New-2 New-3 New-4 New-5 New-6 New-7 New-8
SiOz 0.130 0.170 0.600 0.230 0 8 % 0.510 1440 0.780
T K ); 5.740 7.070 4450 L % 0 4.700 3.460 3 6 % 4.770
F e iO , 3.M0 2.440 4.000 TMO 3 4 % 1.890 2440 2.0%
MnO 0.000 0.000 0.000 0.060 0.000 0.000 0.000 O&W
MgO 0.020 0.020 (1010 0.120 0.080 0.010 . 0 020 0.100
CaO 6480 6.800 4 920 4460 5444 6.760 6 4 % 7.5%
BaO 7.580 4.780 7 4 % 8 4 % 9.680 0.200 0490 0.200
SrO 3.300 3.150 4.300 4.510 3430 1.340 1420 14%
Na%0 0.000 1620 0.280 0.300 0420 14% 0 4 % 3.110
ZrO: 0.200 0470 0440 0404 0.220 0.220 0400 0 4 %
NbzOs 43 57 4245 43.82 44.71 44.17 51.01 5042 4842
Lâ Oj 0.140 0400 0454 0 4 % 0 4 % 0 4 % 0440 0480
CtiO} 0.570 0.280 0.520 0.670 0 5 % 0 4 % 0 4 % 0.580
N ^ a , 0.140 0070 0.070 0 4 % 0420 0 4 % 0470 0470
Sm^Oz 0410 0.010 0.010 0.030 0.030 0.020 0.010 0.030
GdzOz 0410 0.000 1)010 0.010 0.010 0.0% 0.0% 0.0%
T azO , 3.990 4.250 4.900 4.710 3 7 % 6 2 % 6480 4.750
P b O 1.800 2.500 2.120 1.700 1610 2.620 2 4 % 1 5 %
UOz 20 39 21.47 19.66 19.54 19 70 2 1 % 2 1 % :M42
F 0.250 0430 0 4 % 0.420 0470 0.330 0.440 0.2%
Sum 100.03 99.49 99.64 100.44 100.30 101.47 100.55 99.70
Mn 0.000 0.000 0.000 aœ i 0.000 0.0% 0.0% 0.004
Mg o.cmi 0CO2 0.001 0 4 % 0.004 0.%1 &%2 0.050
Ca 0 469 0526 0.377 0419 0.404 0.492 0.435 0.549
Ba 0.211 0135 0.214 0.245 0.268 0645 0.005 0 005
Sr 0.136 0438 0478 0487 0.137 0.053 &M4 0.057
Na 0.000 0.227 0 039 &M2 0.016 0.171 0.063 0.412
La 0.004 0C03 0.004 0.004 0.005 0.%5 0.%3 0.%5
Cc 0 015 0007 0.014 0.018 0.014 0.015 0,013 0.015
Nd 0.004 0402 0.002 0.006 0.003 0.004 0.004 0.004
Sm 0.001 OCOl 0.001 0.007 0.001 0.001 0.0% 0.002
G d 0.001 0.000 0.001 aw i 0.001 0.0% 0.0% 0.0%
P b 0.034 OCW9 0.041 0433 0.031 0.048 0.044 0.046
U 0422 0445 0.313 0.312 0410 0.341 0437 0412
Site A 1.197 1.435 la w 1.225 1.194 1.136 0.949 1461
A-def 0J03 0465 0.185 0.775 0.806 0.864 1.051 IL539
Si 0.009 0.012 0CW3 0.016 0.060 0.035 0 089 0 053
T i 0406 0484 0.223 0.228 0.250 0.177 0481 0445
Fe 0 204 0133 0.215 0.212 0499 0CM7 0.106 0408
Zr 0W 7 0.006 0.008 0.003 0.008 0607 0.010 0612
Nb 1.397 1482 1.416 LW8 1.412 1,568 1.503 1493
T a 0.077 0483 0.095 0.092 0.071 0416 0.111 0 088
Site B 1000 1000 1000 1000 1000 1000 1000 1000
F 0.056 0.075 0.077 &W5 0.CW8 0637 0 036 0650
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APPENDIX V 
SEM-EDS analyses for pyrochlore-group minerals from the St. Lawrence Columbium deposit
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St. Lawrence Columbium pyrochlore legend
Sample # General reference comments
C Petruk and Owens, (1975) Homogeneous pyrochlore
grains
o Petruk and Owens, (1975) Homogeneous pyrochlore
grains
K Petruk and Owens, (1975) Homogeneous pyrochlore
grains
A (Zone 1) Petruk and Owens, (1975) Zoned Cerium pyrochlore
A (Zone 2) Petruk and Owens, (1975) Zoned Cerium pyrochlore
B (Zone 1) Petruk and Owens, (1975) Zoned Cerium pyrochlore
B (Zone 2) Petruk and Owens, (1975) Zoned Cerium pyrochlore
U-pyro Petruk and Owens, (1975) Uranoan pyrochlore
60-1 Kalogeropoulos, 1977) Cerium pyrochlore
60-5 Kalogeropoulos, 1977) Cerium pyrochlore
70-2 Kalogeropoulos, 1977) Cerium pyrochlore
70-3 Kalogeropoulos, 1977) Cerium pyrochlore
80-4 Kalogeropoulos, 1977) Cerium pyrochlore
90-2r Kalogeropoulos, 1977) Cerium pyrochlore
90-3 Kalogeropoulos, 1977) Cerium pyrochlore
90-5 Kalogeropoulos, 1977) Cerium pyrochlore
20N-1 Kalogeropoulos, 1977) Cerium pyrochlore
20N-4C Kalogeropoulos, 1977) Cerium pyrochlore
20N-6 Kalogeropoulos, 1977) Cerium pyrochlore
20N-8b Kalogeropoulos, 1977) Cerium pyrochlore
20F1 Kalogeropoulos, 1977) Cerium pyrochlore
20-5R Kalogeropoulos, 1977) Cerium pyrochlore
30-2 Kalogeropoulos, 1977) Cerium pyrochlore
30-4 Kalogeropoulos, 1977) Cerium pyrochlore
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C D K A (Zone 1) A (Zone 2) B (Zone 1) B (Zone 2) U-Pyro
Nm%0 6.01 3.69 5.76 6.37 6.11 5.38 5.67 4.68
CaO 17.05 18.29 15.19 15.06 14.87 17.06 15.58 14.17
MnO 0.07 0.24 0.21 0.10 0.06 0.04 0.03 0.11
SrO 0.68 0.27 0.44 0.48 0.61 ' 0.72 0.73 0.61
FeO 0.66 1.38 1.21 1.10 0.37 1.09 0:69 2.28
U;Og 0.00 0.00 0.24 0.00 0.84 0.00 0.36 8.82
CcjOs 3.28 6.47 6.17 5.11 4.02 2.56 4.87 5.51
NdzO] 0.26 0.79 0.45 0.41 0.46 0.21 0.50 0.84
LazO] 0.69 0.97 1.08 0.97 096 0.67 0.92 1.15
NbzO; 65.33 59.02 62.19 64.07 63.31 64.47 62.36 56.37
TazO, 0.12 0.16 0.45 0.37 0.56 0.39 0.39 2.23
TiOz 4.21 5.57 3.84 3.26 4.08 3.41 4.68 3.57
ZrOz 0.00 0.41 0.19 0.14 0.08 0.11 0.11 0.32
SiOz 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 98.35 97.26 97.43 97.44 96J3 96.11 9639 100.67
Na 0.710 0.460 0.710 0.770 0.740 0.650 0.690 0.600
Ca 1.120 1.260 1.030 1.010 1.000 1.150 1.050 1.010
Mn 0.004 0.010 0.010 0.010 0.004 0.002 0.002 0.010
Sr 0.020 0.010 0.020 0.020 0.020 0.030 0.030 0.020
Fe^ 0.030 0.070 0.050 0.040 0.020 0.060 0.040 0.050
U 0.000 0.000 0.004 0.000 0.010 0.000 0.004 0.130
Ce 0.070 0.150 0.140 0.120 0.090 0.060 0.100 0.130
Nd 0.010 0.020 0.010 0.010 0.010 0.004 0.010 0.020
La 0.010 0.020 0.030 0.020 0.020 0.020 0.020 0.030
Total iuvd 1.98 2.00 2.00 2.00 1.91 1.96 1.98 2.00
A -def 0.02 0.00 0.00 0.00 0.09 0.04 0.02 0.00
Nb 1.800 1.710 1.790 1.820 1.800 1.830 1.770 1.690
Ta 0.010 0.002 0.010 0.010 0.010 0.010 0.010 0.040
Ti 0.190 0.270 0.170 0.150 0.190 0.160 0.220 0.180
Zr 0.000 0.010 0.010 0.004 0.002 0.004 0.004 0.020
Fe^ 0.000 0.004 0.020 0.020 0.000 0.000 0.000 0.070
Total in B 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
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60-1 60-5 70-2 70-3 80-4 90-2r 90-3 90-5
NbzOg 60.49 58.47 51.21 54.69 59.71 49.21 52.99 50.50
TazOj 1.63 1.25 2.01 1.62 0.32 0.36 0.52 0.00
TiOz 2.36 4.09 8.45 5.82 5.20 7.44 6.83 7.13
ZrOz 0.00 0.00 0.60 0.00 0.00 0.84 0.50 0.77
AIzO] 0.34 0.15 0.24 0.36 0.00 0.37 0:20 0.21
FezOz 2.25 2.30 1.48 1.94 0.55 2.34 2.36 2.12
SnOz 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 18.02 16.53 17.12 17.20 15.50 17.98 17.20 18.78
NazO 4.62 3.87 4.43 4.38 5.85 2.63 2.25 2.68
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CczOj 4.83 7.41 7.98 8.58 3.60 10.86 10.30 9.70
LazOs 0.39 1.15 1.84 1.62 0.51 2.63 0.38 0.33
PrzOz 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NdzO) 0.72 2.18 1.38 1.41 2.08 2.75 1.00 1.95
EuzO] 0.17 0.00 0.81 0.00 0.16 0.00 0.00 0.00
GdzOz 1.28 0.73 0.00 0.00 0.76 0.49 0.00 0.48
YzOz 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ThOz 0.00 0.74 0.59 0.52 0.76 0.17 0.00 0.21
UzOz 0.00 000 0.00 0.00 0.00 0.81 1.14 1.19
F 2.48 2.42 3.04 2.89 4.76 0.02 1.34 2.56
SiOz 0.00 0.00 0.00 0.00 0.00 1.01 1.17 0.55
Total 100.99 99.99 101.84 10133 99.76 101.21 100.15 99.45
Ca 1.220 1.115 1.156 1.173 1.057 1.261 1.170 1.323
Na 0.566 0.472 0.541 0.540 0.722 0.334 0.277 0.342
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ce 0.112 0.171 0.184 0.200 0.084 0.260 0.239 0.233
La 0.009 0.027 0.043 0.038 0.012 0.063 0.009 0.008
Pr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Nd 0.016 0.049 0.031 0.032 0.047 0.064 0.023 0.046
Eu 0.004 0.000 0.017 0.000 0.003 0.000 0.000 0.000
Gd 0.027 0.015 0.000 0.000 0.016 0.010 0.000 0.010
Y 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Th 0.000 0.000 0.008 0.008 0.011 0.003 0.000 0.003
U 0.000 0.000 0.000 0.000 0.000 0.011 0.015 0.017
Total in yd 1.953 1.86 1.981 1.991 1.954 2 1.734 1.983
yd-def 0.047 0.140 0.019 0.009 0.046 0.000 0.266 0.017
Nb 1.728 1.665 1.459 1.574 1.719 1.457 1.521 1.501
Ta 0.028 0.021 0.034 0.028 0.005 0.006 0.009 0.000
Ti 0.112 0.194 0.400 0.278 0.249 0.366 0.326 0.353
Zr 0.000 0.000 0.018 0.000 0.000 0.027 0.105 0.025
AI 0.025 0.011 0.018 0.027 0.000 0.028 0.105 0.016
Fe 0.106 0.109 0.070 0.093 0.026 0.115 0.113 0.105
Sn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total in B 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
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20N-1 20N-4C 20N-6 20N-8b 20-1 20-5R 30-2 30-4
NbzO; 49.87 59.31 50.56 52.80 54.48 53.84 50.00 49.10
Ta^Oz 0.00 0.00 0.17 0.00 2.20 1.09 2.20 3.84
T:Oz 7.21 2.12 5.80 7.11 6.50 5.41 4.99 5.22
ZrOz 0.00 0.00 0.19 0.13 0.26 0.65 0.78 0.94
AljOj 0.90 0.30 0.33 0.24 0.11 1.36 0.00 0.00
fezO] 1.81 2.84 2.11 1.53 2.46 2.68 2.88 2.93
SnOz 3.43 0.00 3.00 0.00 0.00 0.00 0.00 0.00
CaO 16.48 17.01 15.41 16.22 18.04 18.40 16.07 16.43
NazO 3.50 4.20 2.91 4.04 2.76 2.69 3.11 2.34
MnO 0.00 0.53 0.00 0.28 0.16 0.00 0.00 0.00
CczO] 8.93 6.60 9.05 8.73 8.35 9.25 10.14 10.13
LazOz 1.33 0.84 2.02 0.61 1.20 1.40 1.76 1.74
PrzO, 0.53 0.34 1 19 0.65 0.21 0.70 0.67 0.84
NdzOz 1.33 0.86 2.07 1.88 1.38 0.89 2.02 3.54
EuzO) 0.15 0.00 0.17 0.23 0.25 0.00 0.00 0.00
CdzOz 0.64 0.44 0.73 0.68 0.46 0.93 0.77 0.56
YzOz 0.00 0.17 0.33 0.00 0.00 0.00 0.00 0.00
TbOz 0.00 0.00 0.66 0.21 0.00 0.00 0.00 0.44
UzOz 0.00 0.88 0.00 0.00 0.00 0.49 0.36 0.18
F 0.96 1.17 1.98 2.41 1.02 0.98 2.16 2.46
SiOz 0.89 0.00 0.62 0.00 0.20 0.70 1.28 1.35
Total 100.32 98.76 100.53 98.43 99.48 101.55 99.6 102J5
Ca 1.112 1.179 1.081 1.132 1.234 1.208 1.167 1.180
Na 0.427 0.527 0.370 0.510 0.342 0.319 0.409 0.304
Mn 0.000 0.051 0.000 0.027 0.015 0.000 0.000 0.000
Ce 0.206 0.156 0.217 0.208 0.195 0.219 0.251 0.249
La 0.031 0.020 0.049 0.015 0.028 0.032 0.044 0.043
Pr 0.012 0.008 0.028 0.015 0.049 0.016 0.016 0.020
Nd 0.030 0.019 0.048 0.044 0.031 0.019 0.049 0.085
Eu 0.003 0.000 0.038 0.005 0.005 0.000 0.000 0.000
Gd 0.013 0.009 0.016 0.015 0.010 0.000 0.017 0.012
Y 0.000 0.003 0.007 0.000 0.000 0.006 0.000 0.000
Th 0.000 0.000 0.010 0.003 0.000 0.190 0.000 0.007
U 0.000 0.012 0.000 0.000 0.000 0.848 0.005 0.002
Total in A 1.835 1.978 1.830 1.974 1.866 1.838 1.960 1.903
A-def 0.165 0.022 0.170 0.026 0.134 0.162 0.040 0.097
Nb 1.420 1.736 1.497 1.554 1.515 1.491 1.532 1.488
Ta 0.000 0.000 0.003 0.000 0.038 0.018 0.040 0.070
Ti 0.341 0.103 0.286 0.348 0.312 0.249 0.254 0.263
Zr 0.000 0.000 0.006 0.004 0.008 0.019 0.026 0.031
AI 0.067 0.023 0.025 0.018 0.008 0.098 0.000 0.000
Fe 0.086 0.138 0.104 0.075 0.119 0.123 0.147 0.147
Sn 0.086 0.000 0.078 0.000 0.000 0.000 0.000 0.000
Total in B 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
APPENDIX VI 
Representative compositions of zirconolite minerals from carbonatite complexes worldwide
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Legend
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